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SUMMARY

In the reverse osmosis process for water desalination, salt water pumped
to pressures of 400 - 1500 psi is contacted with an osmotic membrane. The pure water

which diffuses through the membrane constitutes the product. The remaining effluent
brine is rejected.

A complete survey of existing means for high pressure pumping and energy

recovery was carried out. Pumps and hydraulic turbines best suited for reverse osmosis
desalination plants have been selected.

Information on performance, cost, availability and reliability of present eqﬁip—
ment was specially prepared by the manufacturers for use in this study. Similar informa-

tion was gathered for electric motors, steam turbines, and diesel engines for use as
drivers for the pumps.

A significant portion of the cost of fresh water production is contributed by
the capital costs, maintenance costs, and power costs for the high pressure pumping sys-
tem. These "pumping system costs" are influenced by the type of pump selected, the pump
speed, the type of driver and energy supply available, and the plant operating conditions.
These include the salinity of the feedwater, feedwater flow rate, and membrane perform-
aﬁce. This report shows the influence of these pumping system parameters upon fresh
water cost for reverse osmosis desalination plants ranging in size from 10° GPD to 107
GPD of fresh water output. It was found that the initial cost of the equipment contributes
only a small fraction of the total water cost. The principal contribution is made by the

driver power cost, showing that emphasis should be placed upon using the most efficient
equipment available,

A large fraction of the high-pressurz water delivered {o the membranes is
rejected as concentrated brine. The economic advantage of using a hydraul:c turbine to

recover the energy in the high pressure brine was evaluated, It was found that energy

recovery is not economically sound for 105 GPD plants, For 106 GPD and 107 GPD plants,
energy recovery is economical.
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Further development work appears to be desirable in several areas. In-
sutficient experience has been obtained by the pump manufacturers with respect to the
selection of the best materials for saline water service in high pressure pumps and
turbines. The operating life expectancy and maintenance requirements for pumps and
turbines used in this service are not well defined. Because of the cost savings obtain-
able with high pump efficiencies, special centrifugal pump designs should be considered
for the 105 and 106 GPD plant sizes. The standard pumps now available were designed
for other purposes and consequently do not have the highest efficiencies attainable for
the desalination plant application. New pump designs are needed to meet the require-

ments of the 10" GPD plant size. Present high-pressure pump product lines do not
extend to such high flow rates.



Section 1

SCOPE OF INVESTIGATION

1.1 Introduction

In the reverse osmosis process for water desalination, salt water pumped
to pressures of 400 - 1500 psi is contacted with an osmotic membrane. The pure water
which diffuses through the membrane constitutes the product. The remaining effluent
brine is rejected.

Due to the large flows of high pressure salt water needed, currently pro-
posed systems require a large capital investment for the high pressure pump and ifs
driver. Furthermore, since a large fraction of the high pressure water is rejected
as concentrated brine, it may be economical to use a hydraulic turbine fo recover part
of the energy. Current knowledge of pumps and of hydraulic turbines suitable for ap-
plications in reverse osmosis plants is, however, incompléte. Data on the performance,
cost, availability and reliability of these units is lacking. No work has been done to
simplify the selection of the best type of pump and the most economical driving arrange-
ment for particular plant conditions.

1.2 Purpose of This Study
This investigation had three objectives:

1. To conduct a state-of-the-art survey of standard pumping
equipment that will meet the requirements for use in large-
size reverse osmosis desalination plants. This survey in-
cludes a review of all of the types of pumps available for
high pressure saline water service and identification of
their principal operating characteristics. Also included
is a review of standard driving systems for these pumps.

2, To determine the technical and economical feasibility of
recovering energy from the high-pressure brine discharged
by reverse osmosis desalination plants

3



3. To identify areas in which further research and development
work is desirable in order to improve the operating charac-
teristics and economics of pump and energy recovery systems

for reverse osmosis desalination plants.

1.3 General Ground Rules

Table 1. 3.1 shows the various elements that were included within the scope
of this investigation and those elements which were not included. This table is not a
complete list of all of the items that were and were not included in this survey. How-
ever, the major items of importance in the final economic analyses have been mentioned
in this table.
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INCLUDED

1) PLANT LAYOUT

Pumping System (Pump & Driver) - Cellulose Membranes -
Power Recovery System (hydr. turb. & gener.) - Gears

2) PARAMETRIC STUDY

Fresh Water Oufput, % Recovery (3values) - Brackish W.
Fresh Water Output, % Recovery (1 value ) - Sea Water
Feed Pressures (4 values) - Brine Pressure Drop (4 values)
Average Density Value (64 lbm/ft3) - Two Salinity Contents
(1 brackish, 1 sea) - Acidity Level from Membrane Data -
Membrane Flux, Average depending on Feed Pressure

3 PUMPING SYSTEMS

Driver, Gear, Pump Combination — Reciprocating and Cen-
trifugal Pumps - Cavitation, Materials, Aeration, Mainte-
nance,Operation, Service Requirements

4) ENERGY RECOVERY SYSTEMS

Pelton impulse turbines, Governors, Electrical Generators,
Gears - Maintenance, Operation, Service, etc.

5) COST STUDY

Component costs, Manufacturer Cost Correlations.
Contributions to Water Cost - Optimization With and With~
out Energy Recovery - Influence of Qufput Rate, Feed Pres-
sures, Losses, Types of Units - Average Cost Values used:
Power, Membrane Costs (from OSW), Drivers, Gears,
Pumps, Hydr. Turh., Maintenance,Service.

4y LITERATURE REVIEW & MANUFACTURER REVIEW

NOT INCLUDED

1) PLANT LAYOUT

Piping System, Filters, Acid Tanks, Sumps, Circulating
Pumps to Sumps, Valving, By-passes, Stand-by Units,
Water Deaerators, Control Panels, Layout of Compenents
in best locations, Pressure Vessgels, Membrane Supporting
Structure

2) PARAMETRIC STUDY

Extra Pressure Losses due to Piping, Valving, Elbows, Con-
trols, Flow-meters, Filters, Screens - Density variations
due to Salinity Level, Pollution or Sand Contamination -
Variable Fluxes Through Membranes {Time dependent)

3) PUMPING SYSTEMS

Positive Displacement Pumps (other than Recip.) - Detailed
Analysis of Various Drivers (voltage, controls, overloads,
etc.) - Geographical Location or Power Availability Consid-
erations - Parallel Operation of Pumps.

4) ENERGY RECOVERY SYSTEMS

Francis Turbines - Centrifugal Pumps as Turbines -
Analysis of Controls and Regulation of Complete System

5) COST STUDY

Cost Analysis for Specific Manufacturers and Pumps as a
factor in Water Cost - Toundation, Installation, Delivery,
Part Shipments, Repair Costs - Overhead Expenses, Plant
General Costs, Administrative Costs - Structures and
Improvements, Land Costs - Piping, Valving and Control
Costs - Indirect Capital Costs - Water Treatment Costs
(Sand and Bacteria) - No consideration of effects of location
on Power Costs, Eifect of Steam Supply Conditions, etc.

Table 1.3.1 Ground Rules Followed For Pumping System Study



Section 2

GENERAL CHARACTERISTICS OF PUMPING AND ENERGY
RECOVERY SYSTEMS FOR THE REVERSE OSMOSIS PROCESS

2.1 Introduction

A reverse osmosis desalination plant must operate continuously, delivering
a steady flow of fresh water. The brackish or sea water enlering the process must be
raised to very high pressures hefore contacting the membranes. Thus, reliable high-
pressure pumps are vital components of reverse osmosis desalination plants. The con-
centrated brine leaving the membranes remains at high pressure; consequently, energy
recovery by means of hydraulic turbines may be economical. The purpose of this section
is to review the types of hydraulic machinery suitable for pumping and energy recovery in
the reverse osmosis process and to select the most promising types of equipment for a
range of plant requirements. Table 2.1.1 summarizes the range of plant requirements
and design parameters considered.

2.1.1 Pumping System Parameters

This study was intended to include a broad range of plant sizes, feed water
galinity levels, and membrane performance characteristics. A parametric approach was

used to meet these conditions. Several typical values each were selected for the following
desalination process variables:

® plant size or fresh water output
® delivery pressure to the membranes
® [resh water recovery as a percentage of feed water flow

By studying the effects upon pumping system characteristics of all of the combinations of
the selected values of these variables, the whole range of plant conditions could be covered
effectively.

The plant sizes for the study were selected to be 100, 000 GPD, 1,000,000 GPD.
and 10,000,000GPD of fresh water output independent of the salinity of the feed water.
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Reverse Osmosis Desalination Plant
Design Parameters



For the purposes of this study, the water entering the process was charac-
f}'_":.-"'j terized as either "brackish water' or "sea water".

feed water must be delivered to the membranes at a pressure which depends upon its
salinity. The delivery pressure levels assumed for this study were as follows:

Brackish
Water

F P

Sea Water

Mp.w
3 QR = R x93 % 60 flow, gallons per minute
1 (P ™ 15) x 144
3 H = > head, feet
. ‘ Figure 2.1.1 shows the limiting values for pump head and flow considered in

this study. A rectangular domain represents the range of brackish water conditions while

brackish water plants (5000 ppm) : 400, 600, or 800 psia
sea water plants (35000 ppm) 1 1500 psia

The proportion of the feed water which is converted to fresh water is a

= J_-'-. variable which depends upon salinity, delivery pressure level, amount of other impuri-
ties, and membrane characteristics. To allow for variations in the recovery percent-
age due to these factors, the following alternative values were used:

50% of the feed water recovered as fresh water
70% of the feed water recovered as fresh water
80% of the feed water recovered as fresh water

40% of the feed water recovered as fresh water

From these assumptions it was possible to Jeterinine domains of operation
for the pumping equipment and to define discrete pump sizes for the various plants,

The following equations relate the pump specifications to the plant conditions:

"a straight line represents the range of sea water conditions.

Brackish water was assumed to
have a salt content of 5000 ppm, while sea water has a salt content of 35,000 ppm. The




2.1.2  Energy Recovery System Parameters

The fresh water recovered by the membranes is only a portion of the totul
incoming flow. The remainder of the flow, a concentrated brine at high pressure, can
be directed through some type of hydraulic energy recovery device. The most suitable
types of energy recovery systems for the selected plant conditions are hydraulic turbines
and centrifugal pumps used as hydraulic turbines.

In order to determine the turbine inlet pressure corresponding to a given
delivery pressure to the membranes, a parametric approach was used. Alternative

values of pressure drop along the membrane channels of 0%, 5%, 10%, 15% were as-
sumed.

The following equations relate the turbine specifications to the plant condi-
tions and membrane pressure drop:

Me.w
Q@ = (1 - R) R x 24}{.60 gallons per minute

(PIN— 15) x 144

(a
]

{1 - AP)

head, feet

Figure 2.1.2 shows the limiting values of head and flow available for energy
recovery; one domain represents the range of brackish water conditions, the other repre-
sents the range of sea water conditions.

2.1.3  Membrane System Parameters

The performance of a reverse osmosis membrane varies with time as the ma-
terial degrades. Both the operating pressure level and the cumulative time of operation
influence the membrane flux rate. These combined effects are called membrane compac-
tion. A typical set of curves of water flux variation with time in a continuous run is shown
on Figure 2.1.3. The curves are steeper at higher pressure during the first hours of
operation, thenreacha fairly steady flux level. Staggered replacement of compacted mem-
branes can be used to maintain a constant average flux rate and reduce operating cost.



Four values of average flux rates were provided by the Office of Saline

Water for use in the study: these values depend upon the water salinity level and the
pressure required for desalination as follows:

Liquid Salinity Pressure Flux
Sea Water - 35,000 ppm - 1500 psia - 10 GI?D/ft2
2
Brackish Water - 5,000 ppm -~ 800psia - 20 GPD/ff
600 psia - 15 GPD/ft%
400 psia - 10 GPD/It?

The membrane area can be calculated approximately for a given plant size
by using the following equation:

F. W. Output

2
Water - Flux (£67)

Area =
This area is the membrane area required to produce a specified amount of

fresh water; it is a function of the delivery pressure level and the salinity of the feed
water.

The recovery factor values indicated in Section 2.1.1 are additional charac-
teristics of the membrane type. They are defined as follows:

Fresh Watar Flow Rate (ontput)

% recovery = R Saline Water Flow Rate (input)

2.1.4  Plant System Definition

A schematic flow diagram of a reverse osmosis desalination plant is given
in Figure 2.1.4,

The alternative plant design conditions described in the previous sections
(2.1.1, 2.1.2, 2.1.3) have been summarized in Table 2.1.1. Using these plant design
conditions, 30 pumping systems and a greater number of power recovery systems can
be identified. The thirty pumping systems are described by a network relating flow
rafe and pressure, Figure 2.1.5. Table 2.1.2 presenis the particular pump reguire-
ments (head and flow) corresponding to the 30 "'standard' plants.
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Head ! Capacity
(feet) (gallons per minute) ,
. I
' # ia] #7
867 86.75 B867.5 8,675
. |
! 2 45 i8
867 99. 30 993 9,930
. l
o V%) "H0 122)
867 138.80 1,388 13, 880 |
{ : ot
#10 113 #16 '
1320 86.75 867.5 8,675
. J
1 r #11 414 #17
1320 99,30 993 9, 330
n ! - J
! #12, #1651 18
1320° 138,80 i 1,388 13, 380
. : 4
} #19 ¢ #22 425
1765 86.75 . 867.5 8,875
. § A
' #20 ! #23 #26
1765 99.30 i 993 9,930 ;
1 T Toa 727
1765 138.80 . 1,388 13, 880 |
| | f
n!
428 #29 #30
3340 173.30 1,733 17,330
i ]

Table 2.1.2: Pump Design Requirements
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We have submitted the values of head and flow listed in these tables to

various manufacturers to obtain information on their products for use in the reverse

08Mmosis process.

The information which was received in reply will be described in Sections
3 and 4.

2.2  Pumping Equipment

Positive displacement pumps and centrifugal pumps are standard equip-

ment commercially available for producing a pressure rise in a flowing liquid. Posi-
tive displacement pumps operate by irapping a quantity of liquid and then forcing it out
against an elevated discharge pressure. In centrifugal pumps the energy is imparted
by centrifugal action: the liquid enters the pump near the axis of a high-speed rotating
impeller and is thrown outward into the pump casing. The kinetic energy developed in
the liquid by the vanes of the impeller is converted by the diffuser section of the casing
into pressure head.

The various types of pumps can be characterized by domains of head and
capacity where each type is most efficient. Figure 2.2.1 shows the domains of opera- i
tion of positive displacement pumps and centrifugal pumps.

Section 2.2.1 presents a brief description of the different types of positive
displacement pumps. Centrifugal pumps are described in Section 2.2.2. Those types
of pumps which are not suitable for the reverse osmosis process are identified.

2.2.1 Positive Displacement Pumps
Positive displacement pumps can be classified under three main headings:

1.  rotary pumps

o —— ——

2. reciprocating pumps
3. pumps that are a combination of types 1 and 2.
Rotary pumps transfer the liquid from suction to discharge by means of

12



rotating gears, lobes, vanes or screws operating inside a rigid container. Figure
2,2,2 presents sectional views ol various types of rotary pumps:

Internal and External Gear Pumps - The liquid is trapped and movedby the
gears as indicaled onthe cross-section. The liquids pumped must be free of solids to avoid
erosion, and free of gases to avoid cavitation problems. The liquid also must be ade-
quate as a lubricant for the gears. Gear pumps will have wearing problems when op-
erated with sea water.

Lobe Pumps - Operate on the same principle as gear pumps but tend to
wear less than gear pumps. The output from lobe pumps pulsates more than that from
gear pumps.

Vane Pumps - Consist of an eccentric rotor and rectangular vanes that
can slide radially. As the rotor revolves, the vanes are forced out against the fixed
casing by centrifugal fo.ce. The liquid is moved from suction to discharge in the space
between the rotor and the fixed casing, Pumping rates are changed by varying the rotor
speed as well as its eccentricity. These pumps are self-priming and produce constant,
uniform discharge flow rate., Wearing problems are confined principally to the vanes
which are self-compensating until worn out. Seals and reiiei valves are required, and
foreign hodies can damage the pump.

Screw Pumps - These pumps can be of two types: single screw or twinscrew.

In a single screw machine, a helical screw rotor revolves in a shaped stator. In a twin
screw machine, the twe serews rotate in opposite directions. In either case, the liguid
is caught in a cavity which progresses towards the discharge end of the pump. The dis-
charge pressure dictates the length and pitch of the helical screw rotor. These pumps
are self-priming and very reliable. Liquids containing vapors, gases and solids can be
pumped. Screw pumps camnot be operated against a closed discharge; relief valves and
seals are needed. They are heavy and bulky and are very sensitive to variations in dis-
charge pressure.

Flexible Impeller Pumps -'Theseare eccentric-rofor pumps. The rotor is equipped

13
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with flexible blades that are bent against a fixed casing. The blades unfold when passing
the suction part and draw in the liquid. When the blades are bent, they squeeze the lig-
uid and force it into the discharge port of the pump. These pumps are self-priming, op-
erate with all sorts of liquids, and have a constant, uniform discharge flow rate. They

can be serviced easily. However, they have a limited pressure range and are not suita-
ble for heavy-duty applications.

Reciprocating Pumps - Includesthose machines which provide energy to the
liguid through the reciprocating cyclic aetion of a piston or a plungerinacylinder. The
output flow rate of these units varies sinusoidally with time. The discharge flow fluctua-

tions can be reduced by use of several pistons operating in parallel. Figure 2.2.3 shows
various types of reciprocating pumps,

There are other types of positive displacement pumps such as diaphragm
pumps (where a flexible diaphragm replaces the piston), eccentric-cam puinps (either
constant-volume, or varial.e-volume) and peristaltic pumps (a flexible tube is squeezed
by rollers at each end of a rotor and the liquid is pushed to the discharge). These pumps
are shown in Figure 2.2.4. All of these pumps are self-priming and do not require shaft
seals or check-valves. They can move the liquid in either direction without bringing it

into contact with the meving parts. Diaphragm pumps can reach high pressures but the
others are quite limited in both capacity and pressure.

Figures2.2.5and 2.2.6 both describe the ranges covered by these positive dis-
placement pumps:

— maximum attainable discharge pressure
~ maximum aftainable capacity

2.2.2  Centrifugal Pumps

A great variety of centrifugal pumps have been built for various applications.
The pumping of liquids or generation of head is accomplished by a rotary motion of one
or several impellers. On the basis of the main direction of discharge of the liquid, cen-
trifugal pump impellers are classified as follows:

14
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® Radial flow
® Mixed flow

Every pump consists of two principal parts, an impelier which forces lig-
uid into a rotary motion by impelling action, and the pump casing which directs the
liquid to the impeller and leads it away under high pressure.

Centrifugal pumps can also be broadly classified on the basis of internal
casing design into the following types:

® Volute
® Diffuser

® Turbine

Figures 2.2.7 shows cross-sections of these different designs. 1In a volute casing, the
impeller discharges into a single channel of gradually increasing area called a volute,
and the major part of the conversion of kinetic encrgy to pressure head takes place in
the conical discharge nozzle. In a diffuser casing, the major part of the conversion of
velocity into pressure takes place between the diffuser vanes. In a turbine pump, the
liquid does not discharge freely from the Lip of the impeller but is recirculated back to
lower points on the impeller diameter where it recirculates many times before finally
leaving the impeller. These pumps develop high heads. The impeller vanes rotate in
an annular channel in the pump casing. The casing contains a sealing wall through which
the impeller passes with very close clearances.

. There are many other means of characterizing centrifugal pumps:
~  impeller shape and operating characteristics
— enclosed, semi-enclosed, or open impellers
—  single or double-suction impellers

-  external casing design (vertically or horizontally split-case,
or barrel-type case)

15



—  vertical or horizontal rotating shaft
—  single or multistage pump

—  position of the pump in relation to the liquid su,ply
(wet- or dry-pit mounted, or in-line)-

2.2.3  Preliminary Selection of Pumps for Reverse Osmosis Planis

The previous sections have described many different types of pumps. Some
of these pumps will not match the requirements of the desalination plants considered in T

this investigation. Factors to be taken into account in the selection of a pump are as
follows:

1.  Duty cycle, operating conditions

2. Operating speed

LAV

Liquid used
4, System cleanliness |

5. Efficiency

Based upon these factors, the choice of pumps must be restricted to recip-
rocating pumps and multistage centrifugal pumps (volute or diffuser casing, horizontal

or vertical shafts). The following pumps have been eliminated from further consideration
due to factors (1) and (3):

~  Gear Pumps: (internal and external) water is non-lubricating y

and these pumps have a pulsating output which is undesirable
for the membranes.

—  Lobe Pumps: do not wmeet pressure and flow requirements

—  Vane Pumps: continuous high pressure duty would cause failure

—  Screw Pumps: heavy and bulky units, are not standaxrd for the
conditions required.
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—  TFlexible Impeller Pumps: cannot meet the high pressure
requirements.

Only two types of pumps appear to be suitable for the desalination plant re-
quirements for this study:

- Reciprocating pumps for high pressure and low

capacity requirements
—  Centrifugal multistage pumps for all other applications.

Factors (2) and (4), speed and system cleanliness, are not decisive in the
final selection of pumps, since driversand gears are available at all speeds and the
feed water is to be treated before entering the pumping system. Factor (5), the pump
efficiency, will be used to accomplish a second selection, on the basis of power savings.

between centrifugal units and reciprocating units for use at the lower capacities.

2.2.4  Pump Performance
a. Performance Curves and System Curves

The performance characteristics of a pump are generally described at a
particular rotational speed by two curves, the head vs. capacity curve and the efficiency
vs. capacity curve. The flow rate vs. input pressure level for the flow system connected
to the pump can be described by a third curve. Figure 2. 2.8 shows these three curves.
The intersection of the "system" curve and the purmp head-capacity curve is the operat-
ing point of the pump.

At constant speed, a reciprocating pump delivers essentially the same capaci-
ty at any pressure within the power capability of the driver and the maximum pressure
limitation of the pump. Reciprocating pumps are highly eflicient units. Due to the recip-
rocating action of the piston or plunger, the ftow-rate varies 'cyclically around a mean
value. Figure 2. 2.9 describes their flow variations for different tvpes of reciprocaling
pumps, These theoretical flow curves are indicative of the pressure pulsation which can

be expected in the operation of reciprocating pumps.
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The performance of a centrifugal pump is described by its rate of flow or
capacity, @, and ils head, H, in feet of the liquid pumped, Other performance char-
acteristics are the power input and the speed of rotation. Four types of head-capacity
curves for constant speed operation may be identified (Figure 2.2, 10). The steepness
of the curve varies (a, b, c): the maxiroum head is developed at zero capacity and the
head decreases as the flow rate is increased. The slope of the head-capacity curveis
dictated by the geometry of the impeller and pump casing. Curve (d), a "droopingcurve'
leads to unsteady operation. Operating at only fixed head above the zero capacity value,

the pump oscillates between two different capacities.
Figure 2, 2. 10 also displays three types of power vs, capacity curves:
a. is referred to as non-over)oading

b. describes a normal overloading curve where power

increases with capacity

c. illustrates an overloading curve where power increases

with a decrease in capacity.

The use of two pumps working together in a pumping system introduces ad-
ditional constraints on the operation of each pump. If the pumps are operated in paral-
lel, the total head of each pump must be the same and equal to the total head for the
system. If the pumps are operated in series, the total capacity of each pump must be
the same as the total capacity of the system.

b.  Pump Efficiency and Specific Speed
In reciprocating pumps a distinction is made between three efficiencies:

— The volumetric efficiency, e which is the ratio of the actual
liquid volume discharged to the piston or plunger displacement
volume, Volumetric efficiency is sometimes replaced by the slip
8= 1- ev). the volumetric flow loss as a percentage of displace-
ment. This efficiency parameter is reduced by leakage past the
piston packing, the stuffing-box packing and the valves. The
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compressibility factor of liquids must be taken into aceount in

the calculation of the volumelric efficiency.

— The hydraulic efficiency accounts for the hydraulic loss
due fo lijuid friction in the cylinder and the pressure drop
through the valves,

— The mechanical efficiency, which includes the previous
hydraulic efficiency, is the water horsepower delivered by
the pump divided by the horsepower input to the pump. This
efficiency provides a measure of the mechanical friction in
the bearings and seals of the pump together with the hydrau-
lic losses within the pump.

Reciprocating pumps are very efficient units. Their mechanical efficiencies
are of the order of 85% to 90% and their volumetric efficiencies usually reach 98% or more.

The efficiency of a centrifugal pump is defined as the ratio of the water horse-
power delivered by the pump to the horsepower required fo drive the pump.

Water horsepower _ (hp)l
T Input horsepower (hp) 5
. &pmx feet
(), 3960
(h p)2 = horsepower provided by driver (BHP)

A typical efficiency vs. capacity curve for a centrifugal pump is shown on
Figure 2.2.10. The efficiency of a centrifugal pump depends upon its specific speed
(hydraulic design), capacity, internal running clearances, surface roughnesses in the
impeller and casing, and stuffing~-box friction.

Figure 2. 2. 11 shows the efficiencies of single-slage pumps as a combined
function of both specific speed and capacity. The specific speed, NS’ is an index that
characterizes the operating conditions for a pump.
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N, = N@pm x VQ (gem).

; ¥ @

The specific speed parameter also is used in several other ways:

e It is a fundamental, dimensionless parameter used to
describe the performance of a pump at its most efficient
operating point. As such, values of N, Q and H leading
to the same value of NS for geometrically similar pumps

also lead to similar flow conditions within these pumps.

e Tor any value of specific speed, there is one type of pump
which is more efficient than all other types of pumps at
that specific speed. Thus, specific speed can be used as a
criterion for selecting the most efficient type of pump for a
particular operating condition. A reciprocating pump is
categorized as a low specific speed pump, while axial flow

pumps are high specific speed pumps.

At a given rotational speed, a high-head, low-flow impeller will have a
low specific speed, large diameter, and narrow passages. A low-head, high-flow

impeller will have a high specific speed, small diameter, and large passages.

'The efficiency of multistage centrifugal pumps takes into account the losses

due to the passages between the different stages as well as the individual stage efficiencies.

If the stuffing-box pressure is unnecessarily high, the efficiency of a pump

will be decreased since extra power will be nceded to overcome the increased friction.

Figurc 2. 2. 11 shows that low specific speed pumps are less efficient than
high specific speed pumps. In low specific speed pumps, friction losses are high in the

narrow flow channels and disk friction losses and leakage losses are larger in proportion
to the power input.
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c. Cavitation

Cavitation is the formation of vapor bubbles in a flowing liquid. In a pump,
cavitation occurs if the local vapor pressure at some point in the pump inlet flow falls
below the vapor pressure. When the cavities or bubbles are conveyed by the flow into
regions of higher pressure, they collapse. The stress waves resulting from the collapse
can damage adjacent surfaces of the pump.

The pressure level at any point in the pump inlet flow is influenced by the
following:

® the lift of the pump (the height of the first impeller inlet
above the liquid free surface)

® pressure losses due to friction in the system upstream
of the pump and hetween the pump inlet and the point in
question

® atmospheric pressure (altitudc)
¢ local flow velocity, including streamline curvature effects
The vapor pressure in the liquid is set by its temperature,

Cavitation causes noise and vibration as well as possible structural damage.
However, it is difficult to employ the noise as a possible sign of cavitation; if a pump is
operated off-design, the noise generated by the pump as a whole will mask the cavitation-
al noise. A more reliable criterion for cavitation detection is a drop in pump efficiency
and also in the head-capacity performance curve.

Cavitation damage takes the form of pitting which always occurs beyond the
low pressure points in the pump inlet (Figure 2.2.12). Cavitation pitting can be due to
stress pulses repeated at high frequencies. Metal particles are torn off and carried
away by the liquid penetrating into and escaping from the pores of the metal under the in-

fluence of the intense pressure waves. This phenomenon is often described as '"corrosion
fatipue'.
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To avoid cavitation, the liyuid must be admitted in the suction port of the

pump at a pressure above a certain level called the "MINIMUM NET POSITIVE SUCTION
HEAD".

NPSH = H +h ~-h ~-h
a S v e
where;

Hq: absolute pressure at the free surface of the liquid. This
is atmospheric pressure if the suction vessel is open to
atmosphere, or the absolute pressure of the gas in this

vesse] if it is enclosed.

h : static head of the free surface of the liquid ahove the pump

s
center line. If it is suction lift, this head becomes negative
hv: vapor pressure at the water temperature
he: head loss in the suction pipe and impeller appreach passages

Two dimensionless parameters are used to define cavitation limits for geometrically
similar pumps:

- the suction specific speed S

- the Thoma cavitation parameter, ¢

NPSH _ Net Positive Suction Head
H Total Head

g -3/4 ' NS
The cavitation parameters ¢ and S remain constant for the same pump at different
speeds, or for similar pumps at the same specific speed, if the pumps are operated

at conditions satisfving the affinity laws.
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Material selection is an important factor influencing the life of pump com-
ponents exposed to cavitating flows. Figure 2.2, 13 shows test results on material re-
sistance fo cavitation pitting. Material selection is not the only factor affecting cavita-
tion damage: a small amount of air in the liquid is beneficial to reduce or prevent cavi-
tation pitting. Air bubbles in small amounts have a cushioning effect and damp the stress
waves caused by the implosions of vapor pockets.

d.  Priming

Before any pump is started it must be fully primed; that is, the casing and
suction pipe must be completely filled with the ligquid to be pumped. Entrance of air into

the pump or suction line during operation will break the prime and the pump will have to
be reprimed.

Reciprocating pumps are self-priming. Centrifugal pumps usually need to
be primed unless they are submerged. Some centrifugal pumps are self-priming and

are able to exhaust the air from the suction pipe and the impeller. These pumps are of
two types:

- Pumps equipped with a "suction chamber" having a suction
nozzle higher than the impeller. These pumps are self-

priming only if there is no discharge back pressure (open
discharge).

- Pumps equipped with an air pump to prime the main pump.
The air pump runs in parallel with the water pump and
exhausts the air from the suction duct. Two types of air
pumps are used, the so-called ""side-canal” type (impeller
with radial ribs) and the ""water ring" type (an impeller
which is eccentrically positioned inside the casing). These
air pumps are usually equipped with two-way, automatic
valves at their discharge nozzle. While priming, the valve
remains opened. When water is pumped by the air pumps,
the valve closes the air outlet and returns the water to the
suction (Figure 2,2, 14).
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Other priming systems can be used for centrifugal pumps:
- flooded suction (positive head on the suction)

- ejectors or exhausters operated by compressed air,
steam or water against a closed discharge

- vacuum pump (preferably a wet vacuum pump)

- automatic priming devices

- use of a reciprocating or positive displacement pump
2.3  Driving System

2.3.1  Power Supply

The driver selected for a pump will depend upon the various kinds of power
supplies available and the costs of these power supplies. The three types of power sup-
plies considered in this study are:

- electricity
- high~-pressure steam
- diesel fuel

The relative costs and availability of these fuels will depend to a great extent on the
location of the desalination plant and the quantity of power reguired,

Several types of equipment could be used as drivers. These types will be
discussed briefly in the sections below. A choice between the types will depend on the
factors:

- availability
- reliability
- capital cost
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- maintenance cost

- space requirements

- starting and shutdown conditions

- speed variation requirements

- installation problems

- cooling problems

- air pollution problems
Before a final selectionis made, all of these factors must be weighed.
2.3.2  Electric Motors

Motor operation is based on the principle that a conductor carryirg current
in a magnetic field tends to move in a direction perpendicular to the fic'i. The conduc-
tors of a motor rotate relative to the magnetic field and are driven by the field. At the
same time, the conductors generate an electromotive force (EMF) by generator action.
This induced EMPF is in opposition to the terminal voltage and tends to oppose the
flow of current entering the armature.

There are three basic types of electric motors:
- direct-current motors
- synchronous motors
- induction motors
Direct Current Motors -~ There are several types of direct-current mofors.

o Shunt motor: In this particular type, the flux is substantially
constant. The armature and the field are in parallel. Hence,
the speed varies only slightly with load so that the motor is

suitable for service requiring constant speed.
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e Series motor: In the series motor, the armature and the
field are in series. Therefore, if saturation is neglected,
the flux is proportional to the current and the torgue varies
as the square of the current. Thus. any increasing current
will produce a much greater increase in torjue, sc this
motor is suitable for service rejuiring large starting torques.
However, fhe speed of series motors is practically inversely
proportional to the current. Unsafe speeds may be reached

if the load is allowed to drop off completely.

Cther types of direct-current motors are the differential compound motor

(with an adjustable speed) and the cumulative compound motor (very large starting

torques).

The speed ol direct-current motors may be controlled juite easily. Speed

control may be achieved in several ways without altering the motor construction;

— vary the armature EMF: the armature of the motor is
connected across different voltages. The control is ac-
complished by having power supplies which are main-

tained at different voltages available for the motor.

- ficld control: this method, which is used for speed
control of series motors, is achieved by inserting a
resistance in series with the motor. This method has
the disadvantages of low efficiency and poor speed regu-

lation for fluctuating loads.

- armature resistance control: this methed is used tor
shunt motor speed control. An external resistor is in-
serted in the armature circuit only. This method is
simple to accomplish and introduces no commutating
difficulties, This control method allows development
of the full toryue of the motor at any speed at the ex-

pense of low efficiency and poor speed regulation with

fluctuating loads.
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Synchronous Motors - These motors have the unigque property that their speed does
not change as the upplied load varies from no load to maximum load. For starting,

the synchronous motor is connected to an AC power supply through a high resistance

to produce high torjue. This resistance is cut out as the speed increases. As syn-
chronism is approached, the rotor windings are connected to a DC power source and
the motor operates synchronously. This class of motors also includes slip-ring motors

which are synchronous units equipped with phase-wound dampers connected to external
resistors through slip-rings.

Induction Motors - Various types of induction mators are available.

° Polyphase induction motor: This is the most common
type of electric motor. Its stator is wound in the same
manner as the synchronous generator stator. There are
two types of rotors: the squirret-cage type consisting of
heavy copper bars short-circuited by end-rings, and the
wound-rotor having a polyphase winding with the same
number of poles as the stator, aud terminals brought out

through slip-rings so that external resistance may be
added.

° Other types include the double-squirrel-cage motor, the
single-phase induction motor and the alternating current
commutator motor.

Electric motors are widely used as drivers for pumps.

Cumulative compound DC motors are commonly used to Irive single-acting
reciprocating pumps, while multiplex pumps can be driven with shunt motors. For ef-

ficient operatiion, the method of speed regulation by field control is generally used for
DC motors.

Shunt motors, differential compound motors, synchronous and squirrel-
cage induction motors are used as drivers for centrifugal pumps. These motors satis-

fy the typical centrifugal punmp requirements of small starting torgue and high operat-
ing speeds.
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Of these types, squirrel-cage induction motors are generally recommended

by pump manufacturers as preferred drivers for reciprocating pumps or centrifugal
pumps.

The required motor output power rating is set by the power needed to drive
the pump at its maximum operating conditions, accounting for the gear and coupling ef-
ficiency. Induction motors are usually supplied with a service factor of 1.15. Thus,

these motors can operate continuously at 115% of their rated power without causing any
harm to the motor or its insulation.

When the reverse osmosis plant contains an energy recovery system, the
motor rating might be affected. When # hydrauliz turbine is used to recover energy
from the high pressure waste brine, the turbine can be coupled directly to the pump
or can be coupled to an electrical generator which supplies energy to the electric motor.
In the latter case, the motor must be rated to drive the pump at its maximum operating
conditions. During startup of the plant (before the generator is set into motion), the
motor will be drawing as much as 50 percent more electrical power from the outside
supply than during normal generator operation, The amount of power required from

the outside supply will decrease as the water pressure builds up and the generator is
set into motion,

In a plant designed with the hydraulic turbine connected directly to the pump.
the motor power during full plant operation is the difference between the total power re-
quired by the pump and the power recovered by the turbine. During plant startup, how-
ever, the turbine will lag behind the rest of the system in its power output, and will be
supplying full recovered power only after the pump has reached its full head level. For
this reason, there will be a short period during which the motor will experience a great-
er load than during normal operation. Therefore, the motor power rating should be slight-
ly higher than that required during full load operation.

For this study it will be assumed that the usual 1. 15 power factor is suffi-
cient to accommodate the higher starting load.

2.3.3 Steam Turbines

The steam turbine is a very flexible type of driver. Turbines can be
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designed to run on almost any steam condition. They are used to drive many different
types of machines such as electric generators, pumps, and compressors. When de-
signed for variable speed operation, z turbine can be run efficiently over a considerable
range of speeds; this is an important advantage in many applications. Steam turbines
range in output capacity from a few horsepower to as much as 500,000 horsepower.

Turbines are classified in various ways:

1, By steam supply and exhaust conditions: i.e., condensing,
non-condensing, automatic extraction, mixed pressure (in
which steam is supplied from more than one source at more

than one pressure), regenerative extraction, and reheat,

2. By casing or shaft arrangement; single casing, tandem com-
pound (two or more casings with a shaft,coupled together in
line), eross compound (two or more shafts notinline, often at

different speeds).

3. By number of exhaust stages having parallel steam
flow, e.g., double flow and triple flow.

4, By defails of stage design; impulse or reaction.

wee

5. By direction of steam flow in the turbine; axial flow, radial
flow, tangential flow.

\ . 8,  Whether single-stage or multistage.

7. By type of driven apparatus, e.g., generator drive or me-
chanical drive.
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Any particular turbine unit may be described using one or more of the classifications,

Compared with other prime movers, steam furbines require less floor
space, lishter foundations, and less attendance by an operator. No internal lubrica-
tion is required for the flow-handling components; hence the exhaust steam is free



from oil. They have no reciproeating masses with their resulting vibrations. The dis-
charge flow is uniform and steady. Turbines have no rubbing parts. They have a great
overload capacity, high reliability, low maintenance costs, and excellent speed regula-
tion. In purchasing a steam turbine, one must specify the inlet steam condifions (tem-

perafure anc¢ pressure), the discharge pressure, the power to be delivered and the shaft
speed.

For a turbine designed to be most efficient at a given set of conditions, the
efficiency (horsepower per pound of steam) will vary as the shaft speed changes, Tur-
bine efficiency and investment costs increase with higher inlet steam pressures and tem-
peratures and lower exhaust pressures. The steam consumption can be decreased by
super-heating because, for a fixed set of inlet and outlet pressures, the energy available
is proportional to the absolute inlet steam temperature.

Figure 2. 3.1 shows the variation of turbine efficiency as function of turbine
rating in kilowatts when the inlet steam conditions vary. Increases in inlet tempera-
ture above 1200° F must await the development of higher strength materials of reasonable
cost and availability.

90 t l |
o= 80 |- 60% e
>
2 70 k- 1800 psig~ 1000° E
s Reheat
2
g 60 ~
M 600 psig - 750° F

50 . I I |

100 1,000 . 10,000 100, 000
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Figure 2.3.1 Steam Turhine Efficiencies Vs. Power
For Various Inlet Steam Conditions
(From Ref, 117

Steam turbines can be adapted to the steam requirements of the plant:

®  "Straight-through' types have a single high pressure inlet
and single low pressure outlet,
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@ "Bleeder" turbines contain one or more intermediate
outlets to provide intermediate pressure steam for
plant process requirements.

o Non-condensing turbines have exhaust pressures
from 50 to 100 psia.

o Condensing *arbines are supplied with a condenser
to condense the exhaust steam to water at a low

pressure,.

A non-condensing steam turbine is used when steam at a relatively high
pressure and temperature can be purchased and returned, sold, or used within the
plant at 2 reduced temperature and pressure. Because the steam is not reduced to
a very low pressure, the turbine consumes a large amount of steam per horsepower
delivered and the operating cost is high. On the other hand, because the steam is not
condensed, the capital cost of 2 condenser is not required and the expense of maintain-
ing a supply of cooling water is not present. TFurtbermore, hecause the exhaust is not

at a very low pressure, the steam turbine is smaller in size and less expensive,

A condensing steam turbine can use inlet steam having the same tempera-
ture and pressure as a non-condensing unit. The exhaust is condensed, however, in
a condenser utilizing cooling water. The condensate is generally pumped back at high
pressure to the boiler to be reheated. Because of the low exhaust temperature avail-
able with a condenser, the steam can be expanded to a much lower pressure than is
possible in a non-condensing unit. Therefore, the turbine utilizes a greater propor-
tion of the energy of the steam. A well-designed condensing steum fturbine should be
able to operate with only 50 percent of the steam required by a non-condensing turbine
having the same power output. The disadvantages of the condensing turbine are: its
higher initial cost, the cost of the condenser, and the cost of maintaining a cooling

water supply, The chief differences between the two types of turbine operation are
summarized in Table 2,3, 1
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Typical Typical
Steam Turbine Capital Steam Inlet Steam Ixhaust
Type Cost Cost Conditions Conditions
Condensing High Assumed | 200psig-600°F | 50psig-Saturated
Identical
(OSW data) to
Fiom condenser:
Non-condensing Low 600 psig- T50°F Water

Table 2, 3.1 Comparison Between Condensing and Non-Condensing
Steam Turbines

2.3.4  Dicsel Engines

The diesel engine is one of the most economical types of internal combustion
ergines. Diesel engines are available in sizes from a fraction of a horsepower to as
large as 20,000 horsepower. They are designed to operate at speeds of 2,000 rpm or
lower; a very common speed is 720 rpm. The diesel engine is superior to steam turbines
or electric motors with respect to power-to-weight ratio, and external power supplies
(electricity or steam) are unnecessary.

In order to utilize a diesel engine as a driver for the pumps considered in
the present study, it is necessary to use gears between the engine and the pump. A strong-

er shaft will be needed on the pump because of the high levels of torsional vibrations which
are transmitted from the engine,

The type of fuel consumed by diesel engines is readily available throughout
the United States at a cheaper cost than electricity and steam.

However, capital costs and maintenance costs of diesel engines are substan-
tially higher than those of steam turbines and electric motors. For this reason, diesel
engines are not widely used to drive pumps. |

2.4  Energy Recovery System

2.4.1  Energy Recovery Potentials
When a liquid must be throttled from a higher pressure to a lower pressure,
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a potential for energy recovery exists. In reverse osmosis desalination plants, large
flow rates of concentrated brine are discharged at high pressures from the membrane
channels, Energy recovery can be achieved from this brine by using hydraulic turbines
or centrifugal pumps operated as furbines.

The energy recovered from the waste brine becomes available as shaft
horsepower and can be utilized as follows:

] to provide part of the shaft power required to drive the pump

. to drive an electrical generator tied into the plant power

supply or producing electrical power for sale

The economic advantage of energy recovery depends upon the brine {low
rate and pressure, the efficiency of the hydraulic machine, its capital and operating
costs, and its reliability.

2.4.2  Hydraulic Machines for Energy Recovery

Hydraulic turbines and centrifugal pumps used as turbines can be used to

transform potential energy in high-pressure liyuids to shaft power. There are three
types of hydraulic turbines;

& the impulse type, or Pelton wheel turbine, suitable for
high heads.

®  the reaction type, or Francis turbine, suitable for me-
dium heads

@ the propeller type, or Kaplan turbine, for low head ap-
plications

All of these turbines have a stationary casing with guiding passages (nozzles)
in which the static head is transformed partly, or wholly, into velocity. These passages
discharge into a runner. The impulse turbine guide passages transform the head into

velocity. In reaction turbines, this transformation is only partial, and there is an addi-
tional pressure drop in the runner.
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Figure 2.4. ! shows a cross-section of each of these Lypes of turbines. In
impulse turbines a nozzle directs a jet of water into the buckets of the runner. In reac-
tion turbines the water enters the wheel radially and leaves the shrouded buckets in the
axial direction to discharge into a draft tube. The power output of reaction turbines is
controlled by wicket gates.

Impulse turbines usually are mounted with a horizontal shaft, while reaction
turbines often have a vertical shaft,

Figure 2. 4.2 shows the domains of efficient operation of these machines.

The flow handled by the machine dictates its size.

The speed of a turbine is limited by the mechanical strength of the runner,
by vibration and cavitation considerations, and if connected to a generator, by the syn-
chronous speeds required for AC power generation. The speed should be as high as per-

missible since the turbine and generator will then be less expensive.

If the turbine votor is allowed to revolve without load and the wicket gates
(or needle) are wide open, it will approach its "runaway speed". Thus,speed controls

are necessary. Furthermore, any overspeed requirement will appreciably increase the
cost of the generator.

Hydraulic turbines are very efficient machines. Their efficiencies vary from
85Y% up Lo 949,

The specific speed, NS , is an impnrtant dimensionless parameter for hy-

draulic turbines as well as pumps, since it is related to the maximum head and cavitation
limits.

9
y np V2 _ NQ 1/2
S 1 9/4 L 374

N is the rotational speed in rpm
P is the power in hp

H is the head in feet

Q is the capacity in_'gpm
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Figure 2.4. 3 shows the specific speed versus head curve for reaction and
Pelton turbines. The other plot shows the "Thoma cavitation parameter' v, versus
specific speed for Francis and Kaplan turbines.

The critical cavitation condifion must not be exceeded for Francis or pro-
peller Kaplan turbines; otherwise, frequent shutdowns for inspection and maintenance
of eroded surfaces will be required. The cavitation condition is not a critical factor
tor Pelton wheels since atmospheric pressure exits at the bucket discharge. How-

ever, Pelton wheels are subject to wear due to the impingement of the high-velocity
jet.

Hydraulie turbines are not available as standard lines of equipment., They
must be designed according to the specific conditions of flow and head available. When
standard equipment is needed, centrifugal pumps are often used as turbines. The Ilow
in a2 centrifugal pump usedas a turbine is reversed by applying the head to the discharge
nozzle. A good centrifugal pump can be used as a reasonably efficient hydraulic turbine,

However, a pumpused as a turbine will be less efficient than in its normal operation.

Type Specific Speed Efficiency as a Efficiency as a

' NS Pump Turbine
Radial Flow 1800 339 70%
Mixed Flow 7500 : 82% 8%
Axial Flow 13500 80% 8%

Figure 2.4.4 is a Karman-Knapp diagram that shows the different zones of operation
of a radial-flow centrifugal pump.

2.4.3 Preliminary Selection of Hydraulic Turbines

In order {o recover the maximum amount of shaft power available in the
waste brine, the most efficient hydraulic machines should be used. This consideration
already eliminates the centrifugal pumps from further investigation since their eificiency
will always be lower than that of a properly-designed hydraulic turbine.

The hiead levels available in most of the "standard plants' selected for this



investigation suggest the use of Pelton impuise wheels. In plants with heads below

1000 feet and flow rates of .107 gallon - per day, Francis turbines also can be used.

For turbines used in systems where the liquid under pressure is not ob-
tained from a natural [all, normal practice recommends the use of Pelton impulse
wheels, Pelton impulse wheels are smaller in size and do not require a draft tube

for discharged flow. They are very reliable and easy tc service.

2.4.4  Electric Generators

An electric generator 1s a rotating machine which transforms mechanical
cnergy into electrical energy. When the armature is rotated through a transverse
magnetic field, a voltage is induced in the conductive armature coil, When a resistor
is connected across the rotating coil, a force is exerted on the conductor in a direc-
tion to oppose the rotation of the armature. The addition of a resistor results in the

generation of electrical energy and the consumption of mechanical energy supplied to
the shatt.

The rating of an electrical generator is based upon temperature limitations

of the various parts of the machine, The nameplate specifies the rating in terms of:
- electrical or mechanical output
- voltage
- specd and overspeed limitations
- current
- temperature rise above ambient.

"TFull load" is the rated power output of the machine. Eiectrical generators,like elec-
tric motors, are very efficient machines.

2,4.5 Power Transmission Devices

Couplings are required to transmit power from the driver (electric motor,

36



steam turhine or diesel engine) to the pump, and from the hydraulic turbine to either
an electrical generator or the pump. A number of different types of power trans-
mission couplings are available. The choice of the best type to use must be based

upon considerations ot th2 particular components of the plant and their arrangements.
Possible types of power couplings are:

a. Direct mechanical shaft couplings
b. Belts and chains

c. Gears

d. Electric couplings

e, Hydraulic couplings

When power is to be transmitted at constant speed from the driver to the pump, both
can be mounted in-line and coupled with a simple flanged coupling which directly con-
nects the shafts, If it is not possible to place the components in-line, hut it is feasi-
ble for their shafts to be placed in parallel, belts and chains or idler gears could he
used. Belts and chains are not considered most practical for high power and high
speed and are restricted to use in the smaller plants,

When it is desired to transmit power from one shaft to another and ati the
same time effect a speed reduction or increase, belts or chains can be used for the
smaller plants, and gears can be used for higher speeds and large plants. Tor cases

in which the machinery shafts are not parallel, gears are the most practical type of
mechanical couplings

The type of gears to be used in each of the applications depends upon the
power level, speed, and arrangement of the components within the plant. Spur gears
are most economical for power levels lower than 100 HP, Externat helical or herring-
bone gears - ve preferred for larger power levels. Bevel gears can be used to couple
shafts at right angles, but they are expensive and seldom used in pumping system ap-

plications. Parallel or coaxial shaft arrangements are strongly preferred.



Electric and hydraulic couplings are generally used with machinery with
unusual starting characteristics, and wh. .e il is desired to vary the torjue of the two
components independently.

2.5  Unconventional Systems

A study of unconventional schemes for pumping water and recovering en-
ergy from the rejected concentrated brine was planned as one phase of the project.
Some of the concepts considered were as fellows:

L Condensing Steam Ejectors as Pumps:

Condensing steam ejectors can pump feedwater to the
pressure levels required in the reverse osmosis process.
However, their efficiency is very low (of the order of 5%)

so they are not practical unless waste heat is readily avail-
able.

® Rotating Membrane Devices:

Advances in membrane technology might permit the mem-
branes to he mounted at the circumference of rotating cy-
linders. Fresh water would be forced through the mem-
brane by centrifugal action while the rejected brine can
flow out along the axis at low pressure. This arrangement
combines pump, membrane, and hydraulic turbine action
in one single rotating unit.

None of these concepts, or others which were considered, proved to be
atiractive at this lime. For the plant sizes considerad in this study, the e uipment
efficiency is the principal factor controiling the pumping system's contribution to fresh
water cost. The initial cost of the pumping and energy recovery eguipment is a second-
ary factor. It is difficult to propose new pumping schemes or energy recovery schemes
which have the potential of being more efficient than conventional pumps and turbines.

The most attractive methods for reducing the pumping system's contribution

38



e

to the cost of fresh water appear to be in the area of total energy conservation. The
complete energy balance of a plant, including the source of energy (steam generator ,
electrical suurce, or fuel oil), the driver, the pump, the hydraulic turbine and its form
of energy cutput, should be considered as a system optimization problem. This problem

must be £alved for each particular plant because its location, size, and output demand
variations will influence the solution.
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Section 3
SET.RCTION OF AVAILABLE PUMPING EQUIPMENT

3.1 Introduction and Approach

The preceding Section 2 included a general discussion of the types of pumps
which are suitable for reverse osmosis desalination plants. A preliminary evaluation
of the various types of pumps restricted the field of investigation to positive displacement
reciprocating pumps and to multistage centrifugal pumps. |

Table 3.1.1 presents a listing of a number of manufacturers of these two
types of pumps. These manufacturers were initially requested to supply general catalog
information on their standard pumps for high pressure service. A study of these sales
catalogs permitted us to develop a detailed questionnaire (cf. Appendix B) thatwas sentto
the manufacturers listed in Table 3.1.2. Those manufacturers who responded to the
questionnaire are identified in this table.

The manufacturers' replies indicated that reciprocating pumps are produced
in sizes suitable for use in smaller desalination plants (e.g., 10% GPD) where their ef-
ficiency is superior to that of centrifugal pumps. Vertical centrifugal pumps also are
furnished to meet the head and flow requirements of the smaller plants, but their low
efficiency makes them less attractive than reciprocating pumps.

Centrifugal pumps are available to cover the middle size plant requirements
(106 GPD). A number of specific pumps have been selected by the manufacturers to
match our various “standard plant' specifications at the pump best efficiency points
{(BEP). This matching is necessary to avoid maintenance problems created by prolonged
operation at off-design couditions.

It was difficult to select available pumps for the larger size plants (10'7 GPD)
because their combinations of flow and head requirements are not »ften encountered in
other pump appliqatib'ris. The head needed is too low for standard two-stage centrifugal
boiler-feed pumpé that will handle the flow. Standard designs of boiler-feed pumps do
not permit ready adaption to meet the desalination plant design requirements. Most
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MANUFACTURER

Allis-Chalmers Mig. Co.
Milwaukee, Wisconsin

Aurora Pump Division, The N.Y. Air Brake Co.

Aurora, Illinois

Buffalo Forge Co., Pump Division
Buffalo, New York '

Byron-Jackson Pumps Inc.
Los Angeles, California

DeLaval Turbine, Inc.
Trenton, New Jersey

Escher-Wyss
Germany (New York, N.Y. Office)

Fairbanks~-Morse, Pump Division
Colt Industries
Kansas City, Kansas

Gardner-Denver Co.
Quincy, Illinois

Ingersoll-Rand Company
Phillipsburg, New Jersey

Japan Steel Works Ltd,
Tokyo, Japan

Kobe, Inc.
Huntington Park, California

Lawrence Pumps
Lawrence, Mass.

Manton- Gaulin Mfg. Co. Inc.
Everett, Mass.

F.E. Myers & Bros. Co,
Ashland, Ohio

New York Air Brake Co.
New York, N.Y.

TYPE OF PUMP

Centrifugal
Screw

Centrifugal
Centrifugal
Centrifugal

Reciprocating

Centrifugal
Reciprocating

Centrifugal

Centrifugal
Screw

Centrifugal
Reciprocating

Centrifugal
Reciprocating

Centrifugal
Reciprocating
Reciprocating
Centrifugal
Screw
Reciprocating

Centrifugal
Screw

Reciprocating
Rotary

Table 3.1.1 Pump Manufacturers
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MANUFACTURER

Pacific Pumps Inc.
Huntington Park, California

Peerless Pump Division, FMC Corp.
Los Angeles, California

Rateau Ets
France

Roy E. Roth Co., Turbine Pump Division
Rock Island, Ilinois

Sulzer Bros., Inc.
Germany (New York, N.Y. Office)

Tuthill Pump Co.
Chicago, Illinois

Vickers Inc., Division of Sperry-Rand Corp.

Troy, Michigan

Warren Pump Inc.
Warren, Mass.

Worthington Corp.
Harrison, New Jersey

TYPE OF PUMP

Centrifugal
Centrifugal
Screw

Cenlrifugal
Reciprocating

Centrifugal
Centrifugal
Screw
Rotary

Positive
Displacement

Centrifugal

Reciprocating, Screw

Centrifugal
Reciprozating

Table 3.1.1 Pump Manufacturers (C ontinued)
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Pump Manufacturers

Mr, J. Dakin

Process Pump Sales
Worthington Corporation
401 Worthington Avenue
Harrison, New Jersey

Mr. D. F. Crego

Product Manager, Factory Sales Group

Custom Pump & Compressor Dept.
Allis-Chalmers Company

884 South 70 Street

Milwaukee, Wisconsin 53201

Mr. Robert Fornesi
Cameron Pump Division
Ingersoll-Rand Company
Phillipshurg, New Jersey

Marketing Manager

DeLaval Turbine, Inc.

820 Nottingham Way
Trenton, New Jersey 08602

Mr. G. V. Arata

Industrial Equipment Division
Baldwin- Lima-Hamilton Corporation
Philadelphia, Pennsylvania 19142

Mr. Paul H. Jamison

Manager of Industriai Sules

Kobe, Incorporated

3038 East Siauson Avenue
Huntington Park, California 90256

Mr. Vollendorf

Vice President Marketing
Fairbanks-Morse

Pump Division, Colt Industries
3601 Kansas Avenue

Kansas City, Kansas

Mr. Wagner

Sulzer Brothers Limited
Department 4

8401 Winterthur
Switzerland

Answer

Information provided.

Some information provicded.

Information provided.

No information

No information.

Information provided.

Partial information provided.

No information.

Table 3. 1.2 Manufacturers Receiving the Questionnaire

on Pumping Equipment
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Pump Manufacturers Answer

Mr. R. Young
Atlantic District Manager

Peerless Pump, FMC Corporation Information provided
76 Beaver Street

New York, New York 10005

|

Mr. Robert Ganz

Marketing M=mager

Gardner-Denver Company Information provided.
100 Williamson Street

Quincy, Illinois 62301

e A e e e R T L
-

Mr. G. Murphy

Byron-Jackson Pumps, Inc. . .
10 Kearney Road Information provided

Needham, Massachusgetts 02194

J—

Mr. James Hope

Pacific Pumps ) _
Huntington Park No information,
California

0 Pag .
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Table 3.1,2 Manufacturers Receiving the Questionnaire
on Pumping Equipment {continued)
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manufacturers recommended the use of smaller-flow pumps operating in parallel or

preparation of special designs for the 107 GPD plant size. These recommendations
are discussed in Section 10,

3.2 Manufacturers Contacted

The questionnaire of Appendix B was sent to the manufacturers listed in
Table 3.1,2. Several of the manufacturers were also visited in order to obtain more
information. The manufacturers recommended particular pumps from their product
lines which they considered to be best suited for the different plants described in Figure

2.1.5. Their selection was based on operation of the equipment at BEP and they chose
the most efficient pump available for each application.

Table 3. 2.1 indicates, for each plant, the different pumps which have
been offered by the manufacturers together with their most important performance
characteristics. A final figure (Figure 3. 2. 1) summarizes the ranges of speeds

and efficiencies for pumps that meet the various plant design requirements of head
and capacity.

3.3  Operation of Selected Equipment

Instructions for the operation of hydraulic machinery are always provided
Ly the manufacturer when a machine is delivered. These instructions are specifically
applied to each unit. However, general ground rules can be stated for safe opera-
tion of reciprocating pumps and centrifugal pumps.

3.3.1  Reciprocating Pumps

Before starting a new pump, its crankcase should be cleaned and filled with
oil to the oroper level. When possible, the pump should be run at reduced speed but not
rut below the mirimum speed recommended. The pump should be operated for some
hours at a low discharge pressure. The oil level and oil pressure must be checked fre-
quenily. The pump may then be brought up to full speed and full discharge pressure :
gradually. The pump must not be operated at speeds exceeding rated speed or below mini-
mum speed. The specified horsepower and delivery pressure limits must not be exceeded.
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To assure proper lubrication, the pump must be driven in the direction
indicated on the frame.

Problems to watch for during operation include the following:

—  Undue heating or abnormal noise

Air leaks in the suction line or clogging of inlet filters, if any
Abnormal vibration caused by improper suction conditions

Valve leaks contributing to a highly fluctuating discharge
pressure

A reciprocating pump must always be protected from excess pressure by
a relief safety valve which is to be installed near the pump in the discharge rnanifold.
This valve should be set to operate at about 1 1/4 times the discharge pressure.

- 3.3.2  Centrifugal Pumps

A number of general precautions must be taken to insure satisfactory opera-
tion of a centrifugal pump during the start-up period and operating periods.

Check that all external surfaces are clean and priming conditions are satis-
fied. Then, test the driver for rotation; the arrow on the pump casing will show the
correct rotation. Check the alignment of pump and driver.

The bearings must be lubricated before startup. Guidelines for various
types of bearings follow:

Kingsbury Thrust Bearings: When started for the first time, a gener-
ous amount of oil should be poured into the bushing where the thrust shoes are located.

Grease~Lubricated Ball Bearings: The bearings are usually packed
with the correct amount of grease before leaving the factory. Remove the housing cover
to check for deterioration and replace according to instructions if necessary.

Oil- Lubricated Ball Bearings: [Flush out the bearings and housings with
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kerosene or carbon tetrachloride. Fill the reservoir to the proper level and see that

the oil is maintained at the correct level while in operation.

Before starting the pump, rotate the urit by hand through at least one com-

plete revolution to make sure that all parts are free. The pump must always be started

against a closed gate valve. The starting procedure should be as follows (Ref. 26) :

(Figure 3.3.1.

illustrates typical external services involved in startup)

Prime the pump, open the suction valve, and close

the drains to prepare the pump for operation.

Open the valve in the cooling-water supply to the
bearings.

Open the valve in the cooling-water supply if the
stuffing boxes are water-cooied.

Open the valve in the sealing liquid supply if the
pump is so fitted.

Open the valve in the recirculating line if the pump
should not be operated against dead shut-off.

Start the motor.

Open the discharge valve slowly.

Observe the leakage from the stuffing-boxes and
adjust the sealing liquid valve for proper flow to
insure the lubrication of the packing, If the pack-
ing is new, do not tighten up on the gland imme-
diately, but let the packing run in before reducing
the leakage through the stuffing-boxes.

Check the general mechanical operation of the
pump and motor.
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i0. Close the valve in the recirculating line once there
is sufficient flow through the pump to prevent over-
heating,

On multistage pumps having a balancing-chamber leakoff, make sure that
the leak-off line is not restricted or closed at any time during operation.

Periodic inspections should be made while the pump is running. The stuff-
ing-box should be adjusted so that there is enough leakage to lubricate the packing. The
stuffing.-box pressure should not exceed the limit imposed for efficient operation. Too
much friction due to stuffing-box overpressure may result in a large drop of the pump
efficiency.

Stuffing- Boxes and Packings: Severe suction conditions will require special
stuffing-box arrangements and special types of packing. Stuffing-box arrangements also
vary with the application for which the pump is used. The bearings should be checked
for oil level, oil circulation and adequate cooling-water. The by-pass linc must be opened
when the pump is operated at shut-off or less than 20% of normal capacity.

Generally, the steps followed to stop a pump which can operate against a closed
gate valve are as follows:

1.  Open the valve in the recirculating line,
2. Close the gate valve.
3. Stop the motor.,

4, Close the valve in the cooling-water supply to the
bearings and to water-cooled stuffing boxes.

5.  If the sealing liquid supply is not required while the
pump is idle, close the valve in this supply line.

6, Close the suction valve and open fthe drain valves
as required by the particular installation or if the
pump is to be opened up for inspection.
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In casc the pump is of 2 Lype which does not permit operation against a
closed gate valve, steps 2 and 3 are reversed.

Gate valve

Suction . . Check valve Discharge
vessel § 1 Recirculation line _\ ]
Pressure:
reducing -\
orifice
Isclaling valve - Control™ /_ W?gm:p
valve 4 >
A Balancind .‘.i-.:tn-"r.".‘ |
Li ‘Gi?;l:l.épty to ‘
|
gtuﬂing-box S§ction ;I'o pret?‘surgn
seal cage *Stction
— P vesse!
Pump
. -— Regulating —
Inboard-bearing «—-et valve
cooling water /"
Cooling water L Stufling-box -~ Qutboard bearing
contrgl valve cooling water cooling water

Figure 3,3.1 Various Connections and Auxiliary Services
To A Centrifugal Pump

If a pump is not to be used continuously in the desalination process, it
should be flushed with clean water after its operation.

3.4 Installation, Foundation and Maintenance Procedures

3.4.1 Installation Procedures

Reciprocating pumps should be set level, accurately aligned with the driver,
and located as close as possible to the water supply in order to keep the suction niping
short and direct. The required positive suction head should be provided.

The suction piping should be the full size of the pump suction opening and
must be absolutely air-tight. If bends are necessary, they should have a long radius.

The pump should be equipped with a suction surge chamber and a discharge surge chamber,
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Centrifugal pumps should be easily accessible, as close to the feed water
supply as possible, and preferably below the level of the liquid to be pumped. Ample
space should be provided around the pump for its dismantling and inspection.

Once the baseplate is grouted to the foundation, the installer must check
the horizontal, vertical, and angular alignment of the pump and driver shafts. When
checking the alignment of "cold" equipment, allowance must be made for the different
thermal growth characteristics of the pump and driver. Figure 3.4.1 shows various
types of alignment and checking procedures. There are a number of methods for check-
ing alignment; their selection depends upon the type of coupling used. These methods
are well described in pumping equipment manuals.

Suction and discharge piping should be of ample size and should be routed
directly with 2 minimum number of bends. Fluid velocity levels of 8 feet per second
for suction lines and 15 fps for discharge lines are current practice. The piping should
be supported independent of the pump and should be provided with expansion loops for
high-pressure service. The piping arrangements must be checked after erection to be

sure that piping loads on the pump casing do not cause misalignment of the pump and
driver shaits.

The suction pipe must be short, direct, and kept free of air pockets. Long

radius elbows preferably should be set vertically, The end of the suction pipe should
be the manufacturer' s recommended distance below the minimum level of the feed
water supply. A pump should never be throttled on the suction side.

The discharge pipe must be equipped with both a check valve and a gate valve.
The gate valve is useful in starting and priming the pump, while the check valve will pre-
vent the pump from running backward when stopped. |

Auxiliary piping is necessary to provide cooling water for some or all of the
following services:

- stuffing-box cooling

— stuffing-box sealing
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—  lube-o0il cooling
—  bearing-body cooling
— pump support cooling

By-nass (i.e., recirculating) piping should also be provided to prevent overheating
and flashing of the liquid in the pump at low capacities,

3.4,2  Toundation Requirements

Reciprocating pumps should be installed so that they are level and solidly
bolted down. Structural steel rails can be used; these are grouted and bolted to the
floor. If a poured concrete foundation has been provided, care must be taken to level
the unit and rest it on all four feet. For pumps with separate drivers, it is recom-
mended tFat the pump and the prime mover be mounted on a common base.

Foundations for vertical centrifugal pumps should be rigid and substantial
in order to provide a vibration-resistant mounting. The thickness and ground area
required for the foundation will depend upon the firmness of the supporting earth. A
centrifugal pit is needed for some pumps. The top surface of the concrete foundation

should be roughened in order to provide a good bonding surface for the grout.

Foundations for horizontal centrifugal pumps should be sufficiently rigid

and substantial to prevent any undue pump vibration and to support the bedplate at all
points,

The reinforced concrete foundations should be poured well in advance of
pump installation. A template can be used for the foundation bolts. The top surface
of the foundation should have a rough finish in order to provide a good bonding surface
for the grout. The pump baseplate must be set level before bightening down the founda-
tion bolts; once this last operation is completed, the baseplate should be rechecked
with a level and proper adjustment made by wedging or shimming,
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Foundation procedures are given in detail in manufacturers’ manuals and

elevation drawings for each type of pump.

3.4.3 Maintenance Procedures

vided with a new pump. However, some general ground rules as described below are

applicable,

A list of recommended inspection and maintenance operations is always pro-

Reciprocating Pumps

Monthly and semi-annual inspection periods are suggested.
However, operating experience acquired with a unit in its
particular application will permit a definition of a more flex-
ible schedule. These major parts of the pump must be checked
if serious damage is to be avoided:

- valve seats in the cylinder block
— liner seats in the cylinder block
— the lubrication system.

Routine daily checks should be made of the lubricating system
oil pressure and oil level, the scavenging system (overflow
drain from the spacer block), and pump leakage and noise,
Routine checks should be made weekly of the relief valve set-
ting, dippage from plungers, and leakage from between the
liner glands and the cylinder block.

Any evidence of pipe scale or foreign matter in the fluid
represents a sign of potential damage to all precision fitted
parts in the system,

The spare parts which should be kept in stock are: gaskets,
seals, valves, and when the pump cannot be shut down for a

period, a plunger and liner assembly or possibly a complete
set of plungers and liners.
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2,  Centrifugal Pumps "

Hourly or daily inspections should be made for centrifugal
pumps. The operator should be alert for irregularities in
the operation of the pumps (e.g., unusual noise or vibra-
tions)., Any trouble symptoms should be reported and ana-
lyzed., Stuffing-box operation and bearing temperature
should be checked periodically. An abrupt change in bear- ‘.
ing temperature is a sign of trouble.

Semi-annual and annual inspections should be scheduled to check the follow-
ing:

- check capacity and pressure to determine whether leakage
has increased to the point where new wearing-rings, seals,
etc. are required.

- check for free movement of the stuffing-box glands, clean
and oil the gland bolts and nuts,

~  adjust the gland to reduce excessive leakage, and if needed, ‘
(teakage is too high) replace the packing. |

A complete overhaul of the pump may be required annually depending upon |
the operating conditions. The pump should be dismantled so that the rotor can be in- |
spected. The condition of the shaft should be checked at the impeller hubs under the
shaft sleeves, and at the bearings. There may be signs of leakage along the shaft at
the impeller or shaft sleeves (rusting or pitting). Also check for posaible shaft dis-
tortion due to impeller unbatance. The impeiicvrs should be checked for erosion at
the inlet. Worn shaft sleeves should be replaced when the stuffing-box packing is
changed, The casing waterways must be kept clean and free from rust.

The minimum set of spare parts which should be kept on hand includes:

- one set of bearings

- one set of shaft sleeves and shaft seals
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- one complete set of wearing rings (casing and impeller rings)
- one automatic oiler

- material for the casing gasket

- packing for the stuffing-boxes and glands.

If the pump is to be operated continuously and may be subjected to corrosion pitting,
a complete rotor should be purchased as a spare with the pump.

3.5 Aeration Problems and Material Selection

Aeration Problems:

The quantity of air admitted to the pump in the feedwater is critical. A
amall amount of air admitted in the suction has been shown to reduce cavitational pit-
ting in a pump. However, once the acceptable level of air is exceeded, the air forms
bubbles in low pressure areas. These bubbles expand and then collapse, causing
damage to the material very much like cavitational pitting. The oxygen accompanying
the air contributes to corrosion as well.

Some materials withstand the presence of air better than others., A de-
tailed chemical analysis of the feedwater, including its air content, is required before

selecting the materials to be used in a pump for saline water service.
Material Selection:

A common pump material is cast iron. It must be covered by a protective
paint coating or it will not withstand the corrosive effects of brackish and sea water.
Cast iron cannot be used for pump surfaces exposed to high velocities which will erode

the paint layer.

Bronze alloys are not suitable for use with the high pressures and velocities

of the saline water in the pump waterways.

A report presented by the International Nickel Company, Incorporated, to

the Office of Saline Water in 1965 included alloy suggestions for pump components in
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"—; large multistage flash distillation plants. These pumps operate with low discharge i

4 pressures and handle very high flow rates. The recommendations of this report were §
] as follows:

® Pump Shafts: "70 - 30 Ni-Cu Alloy ASTMB127, since this material
has greater resistance to pitting and crevice corrosion than Stainless Steel
316, is resistant to stress corrosion cracking, has virtually the same re-
i sistance to velocity effects as Stainless Steel 316" ‘

- Pump Cnusings and Impellers: Stainless Steel 316
- Wearing Rings: "K' Monel

The pump manufacturers coniributing to the present study could report very
little operating experience with brackish water or sea water for the types of pumps

suitable for use in reverse osmosis plants. However, most manufacturers recommend
the following materials for the pump components;

- Stainless Steel 316 for all wetted parts

- Ni Resist as an alternative for the casings

- Cast iron with a protective coating was also mentioned
for vertical pumps

'
1
!
.‘

- "K'* Monel and ceramic plungers for reciprocating pumps.
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Manufacturer
PLLANT NO. 1

Worthington
Ingersoll-Rand
Peerless Pumps
Kobe
Gardner-Denver

Byron-Jackson

—_—__-.-—_-.——_—-—_.--—_——.___.—_—.-.——_—-—.___-——_—_-——_——___-————_____.---.—

PLANT NO. 2

Worthington
Ingersoll-Rand
Peerless Pumps
Kobe
Gardner-Denver

Byron-Jackson

—.——-....—__.-—__..——_——_.u...———.-—____—-..-.——._--—.....___—.__.-..———

PLANT NO. 3
Worthington
Ingersoll-Rand
Peerless Pumps
Kobe
Gardner-Denver
Byron-Jackson
Byron-Jackson

Speed, rpm Efficiency,% Shaft

Pomn Type

HEAD =
Centrif. - 2 Stages 3550
Centrif., - 4 Stages 3500
Centrif. - 15 Stages 3600
Reciprocating 416
Reciprocating 450
Centrif. - 12 Stages 3550

HEAD =
Centrif. ~ 2 Stages 3550
Centrif. - 4 Stages 3500
Centrif. - 15 Stages 3600
Reciprocating 416
Reciprocating 375
Centrif. - 12 Stages 3550

HEAD =
Centrif. - 2 Stages 3550
Centrif. - 6 Stages 3500
Centrif. - 15 Stages 3600
Reciprocating 371
Reciprocating 500
Centrif. - 14 Stages 3550
Centrif. - 6 Stages 3550

Table 3.2.1

Class

Material

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

Al-Br + Ceramic
Plungers

Stainless Steel 316

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

Al-Br 4+ Ceramic
Plungers

Stainless Steel 316

o Y e T o o e e T T .

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

Al-Br + Ceramic Plungers

Stainless Steel 316

867 ft. CAPACITY = 86.75 gpm
38.5 Horizontal 1-1/2 HNB-103
50 Vertical 1-1/2 vP
70 Vertical 6 LB-15
90 Size 3%
9o PS-25
68 Vertiecal 100 VLT
867 ft. CAPACITY = 99.30 gpm
39.5 Horizontal 1-1/2 HNB-103
53 Vertical 1-1/2VP
71 Vertical 6 LLB-15
a0 Size 3F
90 TA-3
70 Vertical 100 VLT
867 ft. CAPACITY = 138 gpm
45 Horizontal 1-1/2 UNB-11
54 Vertical 1-1/2 VP
78 Vertical 6 LB-15
a0 Size 4J
a0 TA-3
70 Vertical 200 VLT
63 Horizontal SD2x3x7

Manufacturers' Selections

Stainless Steel 316
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Manufacturer Pump Type Speed, rpm Efficiency,%  Shaft Cluss Material
PLANT NO. 4 HEAD = 867 {t. CAPACITY = 867.50 gpm
Worthingion Centrif. - 2 Stages 3550 68 Horizontal 5 UNB-13 Stainless Steel 316
Ingersoll-Rand Centrif. - 2 Stages 3500 71 Horizontal 4 GTR Stainless Steel 316
Peerless Pumps Centrif. - 11 Stages 1760 82 Vertical 12 LB-11 Stainless Steel 316
Fairbanks-Morse Centrif. - 2 stages 3500 70 Horizontal 5972 Stainless Steel 316
Byron-Jackson Centrif. - 1I Stages 1750 80 Vertical 500 VLT Stainless Steel 316
Byron-Jackson Centrif. - 2 Stages 3550 74 Horizontal SD6x8x10 Stainless Steel 316
PLANT NO.5 HEAD = 867 £, CAPACITY = 993 gpm i
Worthington Centrif. - 2 Stages 3660 72 Horizontal 5UNB-13 Stainless Steel 316
Ingersoll-Rand Centrif. - 2 Stages 3500 73 Horizontal 4 GTR Stainless Steel 316
Peerless Pumps Centrif. - 12 Stages 1760 81 Vertical 12 1.B-12 Stainless Steel 316
Fairbanks-Morese  Centrif. - 2 Stages 3500 74 Horizontal 5972 Stainless Steel 316
Byron-Jackson Centrif, - 2 Stages = 3550 76 Horizontal SD6x8x10 Stainless Steel 316

PLANT NO. 6 ) T HEAD = CAPACITY = 1380 gpm T
Worthington Centrif. - 2 Stages 3550 79 Horizontal 5 UNB-13 Stainless Steel 316
Ingersoll-Rand Centrif. - 2 Stages 3500 71 Horizontal 4 GTR Stainless Steel 316
Peerless Pumps Cenirif. - 7 Stages 1760 78 Vertical 15 L.C-7 Stainless Steel 316
Fairbanks-Morse Centrif. - 2 Stages 3500 75 Horizontal 5972 Stairless Steel 316
Byron-Jackson Centrif, - 2 Stages 3550 T4 Horizontal DVDS 8 x 8 x 12  Stainless Steel 316
Byron-Jackson Centrif. - 1 Stage 3550 73 Horizontal SMJ4 x 6 x 15-1/2HH Stainless Steel 316

PLANT NO. 7 HEAD = CAPACITY = 8,675 gpm
Wozrthington Centrif., - 2 Stages 1750 81 Horizontal (2)x 12UZD-1 Stainless Steel 316
Ing_Ersoll-Rand Centrif. - 2 Stages 1750 85 Horizontal 14 GA Stainless Steel 316
Peerless Pumps Centrif. - 7 Stages 1760 82 Vertical (5)x 15LC-7 Stainless Steel 316

_ Byron-Jackson Centrif. - 2 Stages 1780 84 Horizontal = DVSS1ldxldx2o  Stainless Steel 316
Table 3.2.1° Manufacturers’ Selections {Continued)
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Manufacturer
PLANT NO. 8

Worthington
Ingersoll-Rand
Peerless Pumps

s —————— T —— o et e e A o

PLANT NO. 9
Worthington
Ingersoll-Rand
Peerless Pumps

——— s 0 T . e s o ok 42

PLANT NO. 10
Worthington
Ingersoll-Rand
Peerless Pumps
Kobe
Gardner-Denver

Gardner-Denver

PLANT NO. 11
Worthington
Ingersoll-Rand
Peerless Pumps
Kobe
Gardner-Denver

Gardner-Denver

o e ——— e < T Sy T PSS Ay e S T A A s

R o

Pumn Type Speed, rpm  Eificiency,% Shaft Class Material _
HEAD = 867 ft. CAPACITY = 9,930gpm
Centrif. - 2 Stages 1750 84 Horizontal (2) x 12 UZD-1 Stainless Stee] 316
Centrif. - 2 Stages 1750 85 Horizontal 14 GA Stainless Steel 316
Centrif. — ? Stages 1750 82 Vertical BG)x 15 LC-7? Stainless Steel 316
HEAD = 867 ft. CAPACITY = 13,880 gpm
Centrif. - 2 Stages 1750 83 Horizontal (2) x 12 UZD-1 Stainless Steel 316
Centrif. - 2 Stages 1750 80 Horizontal 14 GA Stainless Steel 316
Centrif. - ?Stages 1750 82 Vertical (6) x 15 LC-? Stainless Steel 316
HEAD = 1320 f{t. GADACITY - 86.75 gpm
Centrif. - 5 Stages 3550 46 Horizontal 2 WT-85 Stainless Steel 316
Centrif. - 6 Stages 3500 51 Veriical 1-1/2 VP Stainless Stecl 316
Centrif. - 22 5Stages 3600 67 Vertical 6 LB-22 Stainless Steel 316
Reciprocating 416 90 Size 3F Stainless Steel 316
Reciprocating 300 90 TA-3 Al-Br, Ceramic Plungers
Reciprocating 175 90 TA-4 Al-Br, Ceramic Plungers
Centrif. — 19 Stages 3550 68 Vertical 100 VLT Stainless Steel 316
HEAD = 1320 ft. CAPACITY = 99. 30 gpm ) N
Centrif, - 5 Stages 3550 51 Horizontal 2 WT-85 Stainless Steel 316
Centrif. - 7 Stages 3500 53 _ Vertical 1-3/2 VP Stainless Steel 316
Centrif. - 22 Siages 3600 67 Vertical 6 LB-22 Stainless Steel 316
Reciprocating 416 90 Size 3F Stainless Steel 316
Reciproeating 350 90 TA-3 Al-Br, Ceramic Plungers
Reciprocating 200 90 TA-4 Al-Br, Ceramic Plungers
Centrif. - 19 Stages 3550 70 Vertical 100 VLT Stainless Steecl 316

Byron-Jackson

Table 3.2.1

Manufacturers' Selections (Continued)




Manufacturer
PLANT NQ. 12
Worthington
Ingersoll-Rand
Peeriess Pumps
Kobe
Gardner-Denver
Gardner-Denver
Byron~Jackson
Byron~Jackson
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PLANT NO. 13
Worthington
Ingersoll-Rand

G8

Peeriess Pumps
Byron-Jackson
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PLANT NO. 14
Worthington
Ingersoll-Rand
Peerless Pumps
Byron-Jackson

Shaft Class Material
CAPACITY = 138.80 gpm
Horizgntal 2 WTr-86 Stainless Steel 316
Vertical 1-1/2vPp Stainless Steel 316
Vertical 6 LB-19 Stainless Steel 316
Size 4J Stainless Steel 316
TA-3 Al-Br, Ceramic Plungers
TA-4 Al-Br, Ceramic Plungers
Vertical 200 VLT Stainless Steel 316
Vertical Hydropress 12H Stainless Steel 316
CAPACITY = 867.5 gpm
Horizontal 4 UNQ-11 Stainless Steel 316
Horizontal 3CNTA Stainless Steel 316
Vertical 10 LA-11 Stainless Steel 316
Horizontal DVMX4x6x9C Stainless Steel 316
(2603-2)
CAPACITY =993 ppm
Horizontal 4 WTF-124 Stainless Steel 316
Horizontal 5 HMTA Stainless Steel 316
Vertical 10 LA~12 Stainless Steel 316

Horizontal Dgé\g_i 6x 9C Stainless Steel 316

s L el e ekt e e e ke
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PLANT NO. 15
Worthington
Ingersoll-Rand

Peerless Pumps
Worthington

Byron Jackson

Pump Type Speed, rpm Efficiency, %
HEAD = 1320 ft.
Centrif. - 6 Stages 3550 58
Centrif, - 7 Stages 3500 58
Centrif, - 19 Stages 3600 70
Reciproéating 371 90
Reciprocating 500 20
Reciprocating 250 - 275 90
Centrif. - 22 Stages 3550 70
Centrif. - 10 Stages 3550 70
HEAD = 1320 ft.
Centrif, - 4 Stages 3550 71
Centrif. - 8 Stages 3500 72
Centrif, - 11 Stages 3600 78
Centrif.- - 4 Stages 3550 80
HEAD = 1320 ft.
Centrif. - 4 Stages 3550 72
Centrif. - 4 Stages 3500 78
Centrif. - 17 Stages 3600 75
Centrif. - 4 Stages 3550 78
HEAD = 1320 ft,
Centrif. - 3 Stages 3550 78
Centrif. - G Stages 3500 70
Centrif. - 11 Stages 1760 78
Centrif. - 2 Stages 3550 68
Centrif. - 4 Stages 3550 73

Table 3.2.1

CAPACITY = 1388 gpm

Hovrizontal 6WTL~123 Stainless Stecl 316

Horizontal 5 HMTA Stainless Steel 316

Vertical 15 LC~11 Stainless Steel 316

Horizontal € UZD-1 Stainless Steel 316

Horizontal DVMX4x6x9C Stainless Steel 316
(2603-2)

Manufacturers' Selections (Continued)
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Manufacturer Pump Type Speed, ypm__ Efficiency, ¢ Shaft Class Material

PLANT NO. 16 "HEAD = 1320 fi. CAPACITY = 8,675 gpm
Worthington Centrif., - 4 Stages 3550 78 Horizontal () x 6 WTF-~124 Stainless Steel 316
Ingersoll-Rand Centrif, - 2 Stages 1750 85 Horizontal 14 GA Stainless Steel 316
Peerless Pumps Centrif. - 11 Stages 1760 82 Vertical {8y x 15 LC-11 Stainless Steel 316
PLANT NO. 17 ‘HEAD = 1320 it. CAPACITY =9,930 gpm
Worthington Centrif. -4 Stages 3550 78 Horizontal )yx6WTF-124 Stainless Steel 314
Ingersoll-Rand Centrif. - 2 Stages 1850 85 Horizontal 14 GA Stainless Steel 316
Peerless Pumps Centrii, - ? Stages 1760 82 Vextical {5)x 15 L.C-? Stainless Steel 316

o PLANT NO. 18 HIRAD = 1320 ft. CAPACITY = 13,880 gpm )

= Worthington Centrif. - 4 Stages 2550 78 Horizontal (G)xG6WTF-124) Stainless Steel 316
Ingersoll-Rand Centrif. - 2 Stages 2000 80 Horizontal 14 GA Stainless Steel 316
Pecrless Pumps Centrif, - ? Stages 1760 82 Vertical (5)x 15 LC-? Stainless Steel 310
Byron-Jackson Centrif. - 2 Stages 3600 75 Horizontal DVDS-14x16x1S Stainless Steel 316
PLANT NO. 19 HEAD = 1765 it. CAPACITY = 86.75 gpm
Worthington Centrif. - 7 Stages 3550 A7 Horizontal 2 WTF-S7 Stainless Steel 316
Ingersoll-Rand Centrif. - 8 Stages 3500 50 Vertical 1-1/2vp Stainless Steel 316
Peeriess Pumps Centrif, - 12 Stages 3G0H g1 Vertical VDM Stainless Steel 316
Kobe Reciprocaling 416 90 Size 3F Stainless Steel 316
Gardner-Denver Reciprocating 350 ~ 400 90 TA-3 Al-Br, Ceramic Plungers
gardner-Denver Reciprocating 200 - 225 90 TA-4 Al-Br, Ceramic Plungers

u__-——ﬂhg—_—_.—_—.—-..—_.__--.__.__—..-_.._—-...-...—_.___——-_—.._.-._.--.-—,_...-q._—-....—-.—_-__—_—_.__...____-__q.__.-__.-._-—_--_--._.-—_-—q.—-—_-—q.-—--_—ﬁ_ﬁ____“ —_

Table 3. 2.1 Manufacturers' Seicclions {Coutinued)
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Pump Type Spu—ed,rpm Efficiercy,’”  Shaft Cluss Material

Manufacturer
PLANT NO. 20 HEAD = 1765 ft. CAPACITY = 90.30 gpm
Worthington Centrif. - 7 Stages 3550 nl Horizontal 2WTF-87 Stainless Steel 316
Ingersoll-Rand Centrif. - 8 Stages 3500 53 Vertical 1-1/2 vP Stainless Steel 316
Peerless Pumps Centrif. - 12 Stages 3600 53 Vertical VDM Stainless Steel 316
Kobe Reciprocating 416 90 Size 3T Staintess Steel 316
Gardner-Denver Reciprocating 450 90 TA-3 Al-Br, Ceramic Piungers
Gardner-Denver Reciprocating 250 - 300 90 TA~4 Al-Dr, Ceramic Plungers
SLANTNO. 21 ] I-—I- };:;x—]j;_;_l-'} Gﬁ-'f-t. i cApaciTv - 1se.sem
Worthington Centrif. - 8 Stages 3550 58 Horizontal 2WTT-88 Stainless Steel 316
Ingersoll-Rand Centrif. - § Stages 3500 56 Vertical 1-1/2 VP Stainless Steel 316
Peerless Pumps Centrif. - 1.1 Stages 3600 56 Vertical VDM Stainless Steel 316
Kobe Reciprocating 371 90 Size 4J Stainless Steel 31§
Gardner-Denver Reciprocating 350 - 400 90 TA-4 Al-Br, Ceramic Plungers
Byron-Jackson Centrif. - 30 Stages 35650 79 Vertical 200 VLT Stainless Steel 316
PLANT NO. 22 HEAD = 1765 ft. CAPACITY = 867.5 gpm
Worthington Centrii. - 1 Slages 3550 75 Horizontal 4 WTF-124 Stainless Steel 316
Ingersoll-Rand Centrif. - 7 Stages 3500 74 Horizontal 4 HMTA Stainless Steel 316
Byron-Jackson Centrif. - 9 Stages 3550 75 Vertical 400 VLT Stainless Steel 316
Byron-Jackson Centrif. - 5 Stages 3550 80 Horizontal DVMX 4x6x9C Stainless Steel 316
_-___________..________-______,_______._____.__,_______._______..-_,______,___,_____(.%‘19_3_':2) ______________________________ -
PLANT NQ, 23 HEAD = 1765 ft. CAPACITY = 993 gpm
Worthington Centrif. ~ 4 Stages 3550 76 Horizontal 4WTF-124 Stainless Steel 316
Ingersoll-Rand Centrif. - 5 Stages 3500 78 Horizontal 5 HMTA Stainless Steel 316
Byron-Jackson Centrif. - 4 Stages 3550 79 Horizontal DVMX 1x6x9D Stainless Steel 316

Table 3. 2.1 Manufacturers® Selections (Continued)
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Manufacturer
PLANT NO. 24
Worthington
Ingersoll- Rand

Byron-Jackson

Byron-Jackson

_*——___—____ﬂ-—___n“—-_____-———____ﬂ_-_________________#____—ﬁ“——____—____——ﬂ————a—————_#———___—~—________________

PLANT NO. 25
Worthington
Ingersoll-Rand

PLANT NO. 26
Worthington
Ingersoll-Rand

Byron-Jackson

e e et o e o A S A ekt o o . o S S o AL . o o i Y T S e Sl e e

CAPACITY =

PLANT NO. 27
Worthington

Ingersoll-Rand

Byron-Jdackson

___ﬂ______—_—___________———h—————————__———_____n_—————————————-————————-————u—————————————ﬂn——*———u———————____—“ﬁ

CAPACITY =

PLANT NO. 28
Worthington
IngersollRand

Ingersoll-Rand
Gardner-Denver

Syron-Jackson

Pump Type

. Y ——— T —— —— T Y T ——— A T

HEAD = 1766 ft.
Centrif. - 4 Stages 3550 78
Centrif. - 5 Stages 3500 78
Centrif. - 4 Stages 3550 80
Centrif. - 5 Stages 3550 78
HEAD = 1765 ft.
Centrif. - 4 Stages 3550 81
Centrif. - 4 Stages 3500 80
Centrif. - 2 Stages 3600 84
HEAD = 1765 {t
Centrif. - 5 Stages 3550 7
_Centrif. - 4 Stages 3500 79
Centrif. - 2 Stages 3600 85
HEAD = 1766 ft.
Centrif. - 5 Stages 3550 82
Cenirif. - 4 Stages 3500 79
Centrif. - 2 Stages 3600 82.
HEAD = 3340 ft.
Centrif. - 9 Stages 3550 538
Centrif. - 17 Stages 3500 G5
centrif. - 9 Stages 3500 52
Reciprocating 175 85
Centrif. - 12 Stages 3550 87

Speed, rpm  Efficiency, %

Shaft

Class

Material

CAPACITY = 1388 gpm

Horizontal
Horizontal
Horizontal

Horizontal

6 WTF-124

6 HMTA (low pres.
casing)
DVMXd4dx6x9D

DVMX4x6x 101

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

CAPACITY = 8,670 gpm

Horizontal
Horizontal

Horizontal

(1) x 6 WTF-124
(4) x 8 HNTA
DVDS 14 x 16x 18

e m e e o . S T T T T T S o o ek A L o T S} Sl . A S i e

Stainless Steel 316
Stainless Steel 316
Stainless Steel 3106

CAPACITY = 9,330 gpm

Horizontal
Horizontal

Horizontal

Horizontal
Horizontal

Horizontal

Horizontal
Vertieal

Horizontal

Horizontal

) x6WTF~125
(4)x8 HMTA
DVDS 14x 16x 18

(6) x 6 WTF-125
(6) x 8 HAMTA
DVDS 14 x 16x 11

2-1/2 WTZ-129
2-1/2 VHTB

3 HMTA

PA-8

DVMX 3x4dx9A

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

13, 880 gpm

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

173.30 gpm

Stainless Steel 316
Stainless Steel 316
Stainless Steel 316

Al-BrCeramic Plungers

Stainless Steel 316

Table 3. 2.1

AManufacturers' Selections (Continued)
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Manufacturer Pump Type Speed, rpm  Efficiency,%  Shaft Class Material

PLANT NQ. 298 HEAD = 3340 it. CAPACITY = 1,733 gpm

Worthington Centrif. ~ 7 Stages 3550 77 Horizontal 6 WTF-127 Stainless Steel 316

Ingersoll-Rand Centrif. - 7 Stages 3500 78 Horizontal Sclgé\;lggi)\(high pres. Stainless Sleel 316
_Dyrondackson Contril, o T Sames B B ] Horizontal _ DRE2p0x 10C Stainless Sleel 316

PLANT NO. 30 i o HE;:I-)— = 3340 ft, CAPACITY =17, 330 gpm

Worthington Centrif. - 9 Stages 3550 80 Horizontal (7)x6WTF-129 Stainless Steel 316

Table 3.2,1 Manufacturers' Selections (Continued)

NPSH Requirements (min) Note

Worthington - horizontal 40 feet
Ingersoil-Rand - vertical 40 feet

horizontal 40 feet
Peerless Pumps - vertical 50 feet

: In Class column whenever (5) x class is
Byron-Jackson - ;le:.:tlcalta‘ gg E:g: indicated, it means that 5 units of that
orizonta: class are operated in parallel

Fairbanks Morse - horizontal 30 feet
Kobe - reciprocating 100 feet

Gardner-Denver - reciprocating 20 feet

. -
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Checking Vertical Angular Misalignment Checking Horizontal Angular Misalignment

Checking Hori tal Ali
Checking Vertical Alignment ing Horizontal Alignment

Figure 3.4.1 Various Alignment Checking Technicues
(From Ingersoll-Rand)
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Section 4

SELECTION OF ENERGY RECOVERY SYSTEMS

4.1 Introduction and Approach

A preliminary evaluation of hydraulic turbines for use in energy recovery
systems was presented in Section 2.4. As a result of this evaluation, Pelton impulse
turbines and Francis reaction turbines were selected as being suitable for reverse os-
mosis desalination plants. The design re juirements for these turbines, corresponding
to the "standard" plants of Section 2. 1 including the effects of brine-side pressure drop,
are given in Figure 4.1. 1. These design rejuirements were incorporated in a ques-
tionnaire sent to hydraulic turbine manufacturers. The questionnaire, which is included

in this report as Appendix B, requested detailed technical pricing irformation on currently-
offered equipment.

4.2 Manufacturers Contacted

The hydraulie turbine guestionnaire of Appendix B was cent to the manufac-
turers listed in Table 4. 2. 1. The list of hydraulic turbine manufacturers is much ghort-
er than the list of pump manufacturers. Only a few of the manufacturers responded to
the inquiry. Hydraulic turbines are custom-designed machines, so it is more difficult
for the turbine manufacturers to reply to the juestionnaire than it was for the pump manu-
facturers with their standard product lines. The turbine manufacturers who did respond
and a list of their selections are presented in Tablz 4.2, 2. Most of (ue hydraulic turbines
selected have efficiencies of 85% or higher.

4,3  Operation of Pelton Turbines

The needle position in the Pelton turbine nozzle can be controlled automatically
or manually, The needle position can be used to regulate the pressure and flow rate pro-
duced by the pump and admitted to the membrane system. Thus, the needle valve can take
the place of the throttle valve arrangement which is reguired to regulate the brine-side
membrane pressurza in the reverse osmosis process without energy recovery.

The manufacturers believe that speed governors will not be necessary for

89

L R T. L P B IO TIE TR LTI LTI T S RO TS R R o e e e el deen v e

[FETCITPIPPRY FPrNPw ST Sy

e L tmeNay AIa

b PR AR A P a o Bl N A



turbines in this application. However, this point shouid be reviewed for specific plant
arrangements when the method of loading the turbine (direct pump drive vs. electrical
generator) is definedand the control scheme for the plant has been selected.

During shutdown of the plant, or shutdown of the turbine alone, the turbine

must be slowed down gradually to avoid generating water hammer which could damage

the membranes.
4.4  Installation, Foundation and Maintenance Requirements

'The installation and maintenance requirements for Pelton turbines vary
slightly from manufacturer to manufacturer. IHowever, general ground rules can be
established for most units without special regard to their size.

4.4.1 Installation Rejuirements

The inlet piping to the hydraulic turbine should have a minimum number of
elbows in order to reduce both head loss and turbulence. Precise alignment of the inlet
nozzle and runner is necessary in order to obtain maximum efficiency and minimize the
side thrust. The installation of a Pelton turbine must atlow for formation of a free water

surface below the wheel.

For Francis turbines, it may be necessary under certain operating conditions

to provide a positive discharge head to prevent cavitation, Pelton turbines can discharge
into a.concrete sump, whereas Francis turbines re uire the design and construction of a

draft tube,

4.4.2  Foundation Reguirements

Hydraulic turbines should be solidly anchored on concrete foundations. De-
pending on size, the machines may be ejuipped with a baseplate or several sole plates

which should be aligned and anchored to the foundation.

4.4,3 Maintenance Requirements

The erosive and corrosive action of the brine on the needle, nozzle, and runner

buckets of Pelton turbines will dictate the maintenance requirements for these units.

20
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Wear can seriously affect the efficiency of these machines. After the initial start-up, ‘
monthly inspections should be made. These inspections should Include usual observa- :
tionsof wear. After operating experience has been acquired, it may be possible to re- ]
duce the freguency of the inspection periods to semi-annual or annual. '

Daily maintenance tasks include checking the oil level in the lubricating 5
system and monitoring the bearing temperature level. :

Spare parts which should be stocked are a replacement runner, needle,
needle actuator, and seals or packing. Additional spares may be found to be necessary
after operating experience provides data on the erosion characteristics of the materials
used with the concentrated brine. The seals on the shaft driving the generator or pump
should be checked for excessive leakage.

4.5  Material Selection

The salt concentration which the turbines will encounter in both brackish
water and sea water service was given to the manufacturers in the gquestionnaire. Pelfon
turbines are not often used with saline water at present. Therefore, material reguire-
ments have not been well defined for these machines. The high velocity of impingement
of the jet upon the bucket is likely to require the use of high juality stainless steel
{(e.g., 316 Stainless) for the needle and runner. As an alternative, 13% chrome cast
steel (Type 420) wag also suggested for the runners and nozzles. The turbine casing
can be made of cast iron with a protective coating over the interior surfaces.
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‘Manufacturers Answer

Toshiba Machine Co., Ltd.

Fuji Building No information.
3, 4-Chome Ginza Nishi

Chuo-Ku Tokya, JAPAN

Mr. J. H Lieber

Director uf Siaes

Charmilles Engineering Works Ltd. Information not received.
109, rue de Lyon

Geneva, Switzerland

Mr. Andre Puyo

Directeur Division Energie

Establissements NEYRPIC No information.
Avenue de Beauvert

Grenoble, FRANCE

Costruzioni Meccaniche

Riva - Calzoni S.p. A. No information.
Via Stendhal, 34

Milan, ITALY

Franco-Tosi
San Giorgio S.A.L )
Corso Ttalia, 27 No information.

Legnano, Milan, ITALY

J. M. Voith, G.m.b.H.,

Heidenheim (Brenz) Information provided.
GERMANY

Mr. G. V. Arata

Manager, Utility Sales :
Baldwin-~Lima-Hamilton No information
Industrial Equipment Division '

Philadelphia, Pa., 19142

Mr. H., A. Mayo, Jr.
Fleld Sales Manager
Allis-Chalmers Information provided,
York Plant, Hydraulic Products
Division
York, Pennsylvania 17405

Mr. J. Sawyer

General Turbine Corporation . .
1559 Niagara Street No information.
Buffalo, New York 14313

Table 4,2.1 List of Hydraulie Turbine Manufacturers
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Manufacturers

Escher Wyse G.m.b. H.
Ravensburg, WEST GERMANY

Mr. J. Robert Groff

President and General Manager
James Leffel & Co.
Springfield, Chio

Answer

Information provided

Information provided.

Table 4, 2.1 List of Hydraulic Turbine Manufacturers (Continued)
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Manufacturer Type No. Jets Eff. Speed
(rpm)

A L

A e - i 4

James Leffel & Co. Pelton 1 85% 3600 g
1800 i b
1200 . -
900 -

Allis-Chalmers Pelton 1 87 - 83%| 3600 ;

|

Voith GMBH Pelton 1 85 - 87%| 3600 |

c 1800 i
; 2 85 - 87%| 3600 i _‘
1800 i -

TFrancis 85% 3600 }

1800 |

L e T S

Escher-Wyss GMBH Pelton 1 80 - 88% 3600

E
]
; 83 - 85%| 1800 '
; !
.s = -
f 2 86, 3600 -
; 4 87.5% 3600 - 2
1
i
.
E t
2 *
F:. 5 H
l Table 4 2.2 Hydraulic Turbines Offered by the Manufacturers
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Section 5

SELECTION OF DRIVING SYSTEMS AND GEARS

5.1  Available Power Supplies

Three forms of power supply have been selected as alternatives for the
present study of reverse osmosis desalination plants. These are:

- electricity
- steam
- diesel fuel

In Section 2. 3 of this report, background information was provided on electric motors,
steam turbines, and diesel engines for use in pumping systems. After preliminary
selections of suitable types of drivers were made as discussed in that section, the ap-
propriate manufacturers were contacted for additional information. Final selections

of drivers for reverse osmosis pumps, based upon the manufacturers' recommenda-
tions, are discussed in the sections which follow.

5.2 Electric Motor Selection

A general description of the various electric motor types was given in Sec-
tion 2. 3. 2.

A number of electric motor manufacturers were contacted for technical and

cost information on squirrel-cage induction motors. The manufacturers contacted were:
Westinghouse Electric Corporation
General Electric Company
Allis-Chaimers Company

Peerless Electric Company
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Table 5. 2. 1, below, lists the usual voltage ratings of these alternating

current motors,

Horsepower Range Voltage Rating
0 - 200 220, 440 or 550
200 - 500 440, 550 or 2300
500 -~ 1000 440, 550 or 2300
1000 =~ 5000 2300
5000 & above 2300, 4000 or 4160

Table 5.2.1  Voltage Rating of Squirrel-Cage Induction Motors

Most of these motors are standard items. However, for some of the large
sizes above 5,000 HP, motors are custom designed for the specific application. Their
design takes into consideration the driven equipment characteristics such as startitig

torque, full load horsepower,' and type of duty expected.

Various types of enclosures (e.g., dripproof, explosion-proof, totally en-
closed, open, etc.) can be provided for these motors. The enclosures affect the cost
of the motor according to the kind of protection that they provide. Complete descrip-
tions of these enclosures are given in motor sales catalogs and operating manuals.

It is desirahle to start induction motors by making a direct connection
“across the power line. However, in the larger ratings (larger than 200 IP), it may
-be necessary to employ reduced-voltage starting in order to meet starting-current
restrictions if the required starting torque is high,

A compensator or autostarter can be used for reduced-voltage startirg.
Another method used to start squirrel-cage induction motors consists of resistors
which are inserted in series with the stator and are gradually cut out as the motor
comes up to speed. Resistor starters are less expensive than autostarters, but in
the case of a slow start the resisters may burn out.
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The motor can be mounied on the base-plate together with the pump, or
istalicd close to the pump by appropriate gearing or coupling.  The motor shaft : :
could be earefully aligned with the pump shaft. |

Elcelric motors require very little maintenance and service. They are
cxtremely relinble machines, Motors are protected against burnout by thermal over-
toad velays, During operation, the only service usually required is routine checking
of kilowatl input, speed, and bearing temperatures.

3.5 Steam Turbine Selection

The types of steam turbines considered practical for use to drive the pumps
i1 4 reverse osmosis plant are the straight-through condensing or non-condensing tur-
bines. Specinl characteristics of these machines are deseribed in Section 7.4. 2, since

these characteristics are related to the turbine cost and steam consumption.
The manufacturers producing steam turbines of sufficient capacity are:
Worthington Corporation
Westinghouse Electric Corporation
Ceneral Eleectric Company
Allis-Chalmers Company

The service requirements for steam turbines are not demanding. Once or 3
nwice a week, the lube oil level and pressure should be checked. The operator should i
he alert fo changes in sound or vibration characteristics which may indicate frouble in

ine machine. Steam conditions should be checked routinely.
5.4  Dilesel Engine Selection

Manufacturers who supplied information on diesel engines for application

in pur pumping systems were as follows:

Fairbanks~Morse Power Systems Division of Colt Industries
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Worthington Corporation
General Motors Company
Cummins Engine Company
Detroit Diesel Company

The overall efficiencies for the engines offered ranged from 28% for small engine sizes
up to 40% for the largest engine sizes.

Diesel engine speed is genernily related to the delivered power. A listing
of standard values of power level v.rsus speed for commercially available diesel engines
is provided in Table 5.4. 1.

Typical
Horsepower Range Shaft Speed
(HP) Available (rpm)
100 - 320 1800
320 - 900 1200
900 - 3000 720
3000 - 18000 400

Table 6.4.1  Typical Diesel Engine Speed Vs. Pow~r Characteristics

Long service life can be expected from diesel engines. Maintenance require-

ments are minor, although piston rings may have to be replaced after about 8000 hours of
operation,

These engines are generally equipped with a pressure lubrication system which
supplies a continuous flow of oil to all surfaces requiring Jubrication and also to the pistons

for cooling. Thus lube oil system must be checked and the oil supply in the header must be
kept at the proper level.
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5.6 Gears

Gears are required in some of the proposed pumping system arrangements
to transmit power with a concomitant change in shaft speed. Tables 5.5.1and 5.5.2
show the range of combinations of speed, power, and speed ratio which are required

for the pumping systems considered in this study.

Information on pricing and availability of the gears shown in these tables

was requested and obtained from the following manufacturers:
TFalk Corporation
Philadelphia Gear Conrporation
Western Gear Corporation

For most of the gears in the tables, the power transmission efficiencies exceed 95%.

I
Gear
Horsepower (HP) Input Speed (rpm) Speed Ratio
20 to 20,000 400 2:1 to 10:1
20 to 20,000 1200 2:1 to 10:1
20 to 20,000 3600 2:1 to 10:1

Table 5.5.1  Speed Reducing Gears Considered for Use
in the Reverse Osmosis Plants of This Study

Gear
Horsepower (HDP) Input Speed Speed Ratio
100 to 10,000 400 3:1-to 9:1
100 to 10,000 1200 3:1 to 6:1
100 to 10,000 3600 3:1 to 5:1

Table 5.5.2 Speed Increasing Gears Considered for Use
in the Reverse Osmosis Plants of This Study
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Section 6

TOTAL SYSTEM CONFIGURATION

6.1  General Plant Layout

The preceding sections discussed the selection of the equipment needed for
pumping feed-water and recovering energy from the rejected brine in reverse osmosis
desalination plants. In this Section 6, alternative combinations of the drivers, pumps,

and energy recovery schemes will be described.

A general plant layout (Figure 6. 1. 1) shows most of the components that
are of major importance in a reverse osmosis desalination plant.

6.1.1  Matching of Various Components
Two major systems can be independently defined and then matched:

® A '"driving system'" which is comprised of the driver, its power
supply, their associated controls, and the gear or coupling to the

pump.

® A "water system" which includes the pump, the membrane ar-

rays and the energy recovery systeni.

Figure 6. 1. 2 describes the matching problem in schematic fashion. The
driving system has its own efficiency and provides an output shaft speed and horse-
power level., The output from the driving system must match the input required by
the pump. The input horsepower and speed for the pump depends upon the [eedwaler
flow rate and pressure level requirements and the pressure losses encountered in the

different piping sections shown in Figure 6. 1. 1.
6.1.2  Alternative Energy Recovery Systems

The brine rejected at high pressure from the membrane channels can be
supplied to a Pelton turbine. The turbine discharges the brine at atmospheric pres-

sure into a sump and develops shaft power which can be used in either of fwo ways;,
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- To supply part of the shaft power to the pump through
direct genring

- To drive an electrical generator which produces elee-
trical power available for sale or use in the plant.

These alternative energy recovery systems, when matched to the pump and
its driver. as described in the nest section, constitute the various pumping system ar-
rangements thut ha ¢ been investigated in this program.

6.2 Discussion of Various Arrangements
Four tvpes of drivers have heen selected:

squirrel-cage induetion motor

- non-condensing steam turbine
—  condensing steam turbine
- diesel engine

Pv combining the lour types of drivers with the two different energy recovery systems,
cight possible plant arrangements can be devised. These plant arrangements are shown
on Figure 6.2. 1, This figure shows schematically the eight different driving and energy

recovery arrangements which were analyzed for both "hrackish water™ plants and "sea
water" plants in this investigation.

Each of the individual plant arrangements can have within it 2 number of
different shaft speeds for the various components. One of the objectives of this study
is to determine the optimum speeds for the various components in terms of capital and
operating costs. Computer programs, described in Section 8, were prepared to carry

out the cost analysis. The output is presented later in Section 8. 2. 2.
The eight differing plunt arrangements were designated as follows:

Arrangement A - Uses an electric motor to drive the pump. A
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Arrangement B

Arrangement C

Arrangement D

Arrangements E
and F

Arrangements G
and H

hydraulic turbine recovers the power avail-
able in the brine streamanddrives a genera-
tor. The electrical power generated is used
to provide part of the power for the motor.
This arrangement is analyzed in computer
Program No. 4.

Also has a motor which drives the pump. The
hydraulic turbine is coupled to the driving shaft
of the pump by means of gears, thus providing
extra power to permit reduction of the size of

the motor (Program No. 1).

Employs a non-condensing steam-turbine to
drive the pump. The hydraulic tuybine is cou-
pled toa generator creating electrical power
for sale (Program No. 2).

Similar to B, with the non-condensing steam

turbine replacing the electric motor (Program
No. 2)

Are the respective counterparts of arrange-
ments C and D. the non-condensing steam-

turbine being replaced by a condensing unit

(Program No. 3).

Are the respective counterparts of Arrange-
ments E and F, where the condensing steam-
turbine has been replaced by a diesel engine,
(Program No. 5).
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Section 7

COST CORRELATIONS

7.1  Introduction and Purpose

The previous sections have described the technical aspects of the pumping
equipment, energy recovery equipment and other pieces of machinery that were part
of the overall study. Tle economic considerations for the pumping system components,

e.g., first cost and operating costs, are discussed in this section.

Cost information was gathered from manufacturers' data and transformed
for use in computer analysis of the contributicns of the pumping systems to the cost
of fresh water production.

Service and maintenance cost information was uot readily available for
pumps and hydraulic turbines from manufacturers' sources. Therefore, Dynatech pre-
pared estimates for these costs as discussed in Section 7.8. These estimates were sub-
mitted to pump and hydraulic turbine manufacturers; they agreed that the figures presented
were not unreasonable. These service and maintenance cost figures are presented in the
computer program as "operating costs” and will be referred to as such.

The price information (i.e., capital costs) presented in this section were es-
timated by the manufacturers as of May, 1968. These prices are accurate within 10% of
the final price of the unit selected.

The cost of power supplied to the pump driver (steam, fuel oil, or electricity),
membrane costs and installation costs, and similar desalination piant cost information have
been provided for this study by the Office of Saline Water.

7.2  Pump Costs

In ovder to establish an equation or graphical curve relating pump capital cost
to a suitable parameter which describes the correspunding unit (e.g., horsepower, spe-

cific speed, flow, ete.), it is necessary to treat each type of pump individually,
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Reciprocating pumps can be of the piston type or the plunger type and can
have one or more cylinders. . & cost of a reciprocating pump depends upon its rating,
which is usually its maximum horsepower. The materials used for its construction also

influence its cost.

Centrifugal pumps can have a vertical shaft or horizontal shaft and a single-
suction or double-suction first stage. The number of stages and the impeller diameter
are important factors in establishing their cost. Shaft speeds and the casing construc-

tion may differ considerably from manufacturer to manufacturer. ‘

A number of cost correlations have been previously established for specific
types of pumps or types of service. In these cost correlations, an index describing the
pump (which is generally restricted to single-stage, single suction) is plotted versus |
the cost of the unit (Ref. 14 and i5). €o many restrictions have been imposed on the units |
selected that the correlating parameters and results are not useful for the present study.
Instead, new results and correlating methods had to be developed as described in the sec-
tions which follow. '

7.2.1  Reciprocating Pumps

Information received from the reciprocating pump manufzcturers did not cover
a very extensive range of machine types and cost figures. Contributors to the information

(Section 3. 2) were:

Gardner-Denver Company

Kol:;e, Incorporated

The cost data was restricted totriptex plunger pumps. Two pump sizes were quoted by Kobe

(60 HP and 125 HP) while many sizes were quoted by Gardner-Denver (Table 7.2.1)

Figure 7.2.1 shows a graphical representation of their cost information.
The costs plotted included special materials for fluid ends, special alloys for the plung-

ers {or ceramic plunger) a velief valve, and the required V-belt drive and its belt guard.
Since the belt drive cost is included in the pump cost, the cost of the gear and belt were

¥ set equal to zero in the computer programs when reciprocating pumps were selected.
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(Reler to Table 3.2, I}
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Munuiaciurer Pump Class Efficiency Price
[—- — b +~ —
Kobe Stze 3F 90% $ 7,000
Size 4J 909, $13, 000
L 4 -+ ——
Gardrer-Denver PS-25 90% $ 2,300
TA-3 90% 2,800
TA-4 509, 4, 80O
PA-8 85% 16, 000
Table 7.2.1 Reciprocating Pump Prices and Efficicncies
—— .
Pump Class Efficiency % Plant No. Price
1-1/2 HNB-103 38.5 1, 2 $ 4,700
39.5
1-1/2UNB-11 45 3 4,500
5 UNB-13 68, 72, 79 4, 5, 6 6, 000
— — —— ) -
12 UZD-1 81, 84, 83 7, 8,9 55, 000
L ] 1 __| (basedon order for (2))
2 WT'F-85 46, 51 10, 11 9, 100
2 WTTF-86 b8 12 9,500
2 WTF-87 47, 51 19, 20 14, 260
| 4 —I . —
2 WTF-88 58 21 1G, 8G0
4 UNQ-11 71 13 8, 800
Table 7.2.2  Worthington Centrifugal Pump Prices

I:1
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Pump Class

Efficiency %

Plant No.

Price

6 "WTL-123

78

15

$30, 000

6 UZD-1

68

15

17,500

4 WTF-124

72, 75, 76

14, 22, 23

21,000

6 WTT-124

"8, 78, 78, 78
81

i6, 17, 18,
24, 25

31,000

6 WTF-125

79, 32

26, 27

33, 000

6 WTF-127

77

29

39,700

6 WTF-129

80

30

40,000

2-1/2 WTL-129

P

58

28

15, 900

Table 7.2.2

Worthington Centrifugal Pump Prices (Continued)
(Refer to Table 3. 2. 1)
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Equations representing the lriplex plunger pump cost correlations are:

. - 346 )
$ = 2185 (HpPy ©° Kobe
~ . 363 . L
$ = 645 (HP) Gardner-Denver  HP = G0
1,522 . : .
$ = 5.51 (HP) Gardner-Denver HP = G0

.
For plant size 10° GPD

These equations were not used in the computer programs. It was found to
be simpler to enter discrete cost data and efficiency data for reciprocating pumps for

the plant sizes for which these units may be used. Gardner-Denver costs were used
for this purpose.

7.2.2  Centrifugal Pumps

The pricing of centrifugal pumps selecied for the plant sizes under study
became a more complex problem than was originally cxpected. The cost dala that
were available could not be readily transformed into equations relating dollars to an
index characteristic of the pump.

The cost information is tabulated for each manufacturecr in Tubles 7.2. 2 to
7.2.6 . These tables describe the type of unit, its efficiency for each plunt application
{the plant number code is given ii: Table 2, 1. 1), and the total pump cost inciuding the
following items:

—~ recommended material
- pump including tube oil supply console

—  base-plate and coupling

11]



Pump Class No. Stage | Efliciency % Plant No. Price
1-1/2 VP 4 50, 583 1, 2 $ 5.000
i
I-1/2 VP 6 54, 61 3, 10 6,300
1
1-1/2 VP 7 53, 56 11, 12 7,000
e
1-1/2 VP 8 50, 53, 56 19, 20, 21 8,000
|
. 4 GTR 2 71, 73, 71 4, 5, 6 7,000
3 CNTA 8 72 13 14,000
L
o IIMTA 4 73 14 11,000
5 78 23 12,500
6 70 15 15, 000
4 UNMTA 7 74 22 13,000
3 IIMTA 9 52 28 13,000
1
6 HMTA 5 78 24 (Lo P casing) 13,500
| 7 78 29 (Hi P casing) 18,000
8 HMTA 4 80, 79, 79 25, 26, 27 16,000
2-1/2 VHTB 17 65 28 25,000
14 GA 2 85 7, 8, 9, 16, 17, 100, 000
80 18
L

Table 7.2. 3

Ingersoll-Rand Pump Prices and Efficiencies
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Pump Class No. Stages prf. o Plant No. Price §
100 VLT 12 68, 10 RN R
19 68, 70 10,11 I
SR
200 VLT 14 70 3
02 70 12 <
30 70 12 =
400 VLT 9 75 29 &
500 VLT 11 80 4 f
SD 6x8x 10 6 63 3 7
SMJ 4x6x15-1/2 HH 1 73 6 l
DVDS 8x8x 12 2 74 6 11, 000
DVDS 14x 16x 18 ) 75, 84.5, 85| 18, 25, 26 25 . 000
82.5 27
DVSS 14 x 14 x 20 9 84 7 31,000
DVMX 4x69C 4 80, 78, 73, | 13, 14, 15 4, 400
80 99
DVMX 4x6x 9D 4 79, 80 23, 24 4,400
DVMX4x6x 10B 5 78 24 5,600
DVMX4x6x10C 7 81 29 8, 40¢
DVMX 3x4x9A 12 57 28 8, 400

Table 7.2.4 Byron-Jackson Pump Prices and Efficiencies
(These prices are for "standard" cast iron units)

Pump Class

Nao. Stages

Eff. Y

Plant No.

Price $

5972

70, 74, 76.5

4, 5, 6

7,000

Table 7.2.5 TFairbanks-Morse Purap Price and Efficiencies
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PUMP CLASS
Part ! - o
6LB-15 | 6 LB-19 | 6 LB-22 |12 LB~11] 12 LB-12|10 LA-11[10 LA-12 | 15 LC~7 | 15 LC-11} VDM-12 § VDM-14
First stage and 6,400 | 10,695 | 10,695 | 12,750 | 12,760 | 8,990 [ 9,090 [18,195 | '6.195 | 9,940 [ 9.540
Additional Stages | 3,600 | 8,680 9.975 | 7,550 | 8,305 | 8,880 | 9,625 6,240 | 12.450 | 7.865 | 9,245
600 1b Flange 65 | 1,080 1,260 160 160 800 800 325 325 130 13
Wearing Ring 570 351 408 759 828 616 665 693 1,052 | 1,008 1.176
Dynamic Balancing| 180 - - 187 205 - - 154 242 - -
Sleeve 75 — — 104 104 - - 126 126 90 90
Coupling 59 359 359 65 65 359 359 73 73 42 42
Seal 326 980 980 384 384 | 1,228 | 1,228 432 1.225 328 328
Total Cost $ 11,275 |22, 145 23,677 | 21,969 | 22,811 |20,873 [ 21,767 | 26,238 | 32,688 19,443 | 21.001
Table 7.2.6 Peerless Pumps Pump Cost Calculafions (Stainless Steel)
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The material recommended for most of the selected pumps is 316 stainless steel, Be-
cause of the special material requirements for saline water application, the costs shown
are 3 to 4 times higher than those {or "standard" fabricated pumps,

When single-unit pumps were not readilv available (e.g., for high pressure
and very high flow rates), approximate single pump cost and efficiency values were as-
sumed for use in the compufer anaiysis.

The cost assumptions must be considered as rough approximations, since
the number of units to be built is an important factor in setting the cost of a new pump
design. If only one pump is developed and built to match new requirements, all of the
costs of engineering development and design, patterns, and similar start-up costs must
be recovered on that unit, If a larger maiket is expected, the start-up costs can he

distributed over a number of tunits. These considerations are discussed in further de-
tail in Section 10.

Reduction of the data from the manufacturers led to Table 7.2.7 which was
used as the final cost input data for the computer programs. A number of different
. parameters were proposed in an effort to correlate the pump size to its cost. Most of
the parameters used in these trials did not pmove useful as correlating parameters.
Some of the parameters considered were:

—  specific speed

- parameter used in the hydraulic turhine cost
correlation, BHP/ \r}f

~  the parameter described in Reference 14 and
15 as a "pump index" : QxH 1/2

The complexity of multi-stage centrifugal pump design, the difference in
impeller diameters, and variations in efficiencies made these parameters inadequate
for cost correlation. A final attempt led to a single cost correlation which ‘elated the
dollar value of the pump to its discharge head for 1,000,000 GPD plants. The resulting
correlation is shown in Figure 7.2.2, An average efficiency lcvel was selected for each
discharge pressure and capacity combination, and is presented in Table 7.2.7. It was
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for Centrifugal Pump Cost Correlations
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1% ¢pp 10 GPD
#d *5 s 6 27 B #3
8 Ly 3 [ 0 o
68%~ 5,000 | 12%- 6,000[ 19%-¢,000 We| B3 / 85 % BO /o .
7% - 9,000 75% - 7,000 | "4 -7,000|I-R [# 100,000 [{100,000 |8100,000{1-R =
70%- 7,000 | 74% - 7,000 | T5h-7,000|F-M %
1TS0rpm™ . T
'TVEF'E"QE_' Av..:.ragc A-v_c—\:'a_é:— Average Ave r"-a-é; .K\;Q.\":azﬂ'm
70%- T,000|73% - T 000 750 - 7000 BS Yo — > 8o7% .
¥ too, COO — i
81D al4 aid 76 b1 x\8
' $ ¢ % 9/ - &Q o o
4= 8,800(12% - 21,000 | 18- 3025 Wy| 854 ~—sn 80%
72%-18,000 | 18% - 11,000 [M0%- 15 00dT-Riyin, oo - | 3
i L [~}
BS54 78 - 1%, 200 | T34-11,000{-J FRE
187, - 21, 000 | T8h-30,000 P-P %
1TSO v -
_Ev;:;g-: _f\‘;‘%a"._ _-P_:v;a.g:— - Aveesn;ge_* Avcre.ge: Aug;aogc
74Y,-12, 000|781 - 12,000 | T}, ~12,000 5100, 00 0 - -
%22 225 g 24 k25 n 26 227
Ry I . 78 o= 31 goo W
.‘?S " 21,000 %0" -8, 000 : ' 1 Average cost and efficiency I-R
74%,- 15,0008 %, - 12,500| 78k~ 13,500 I-R Reduced from parzilel operation WA
% Wooo |13 ~ 17,600 |80%- 17,600 |B-J of units >
' B 3
-
__|
hrerage | Ariioge | huerags 85% - $ 300,000
7S5/ 18,000 764~ 18,000 |T8/- (8,000
o s 23
97 o - § 35,700 Wx|Average cost and efficiency s
787 - & I8 coo T-Rideduced from parallel operation E
2 ' of units o
8% - $ 20,000 |[B] A
___________ »
78% - % 22,000 8% - $ 300,000
Tdble 7.2.7

Data Used in the Computer Programs




not possible to tnke inio account all types of units recominended by the manufacturcrs

hecause of the ‘liversity of the data turnished.

The equation describing Figure 7.2.2 is:

S $ = 2,02 x (Disch. Pressure, psia) 1.6

|  Discharge Pressure, psia £ 800 psia
and Plant Size = 106 GPD

For sea water operation at 1500 psia, the pump cost {or the 10" G 2D pland
size was estimated to be $22,000 (Tables 7.2.2 to Takle 7.2.7)

A uniform punip cost of $100, 000 was selected from Tables 7.2.2 to 7.2.6
as repr.sentative of the cost of pumps used in plant sizes of 107 GPD with pump dis-
charge pressures cf 600 psia or less. For higher discharge pressure (500 and 1500
psia) at the 107

of several pumps mounted in parallel which satisfy the plant conditions, or from esti-

GPD plant size, ‘he pump cost vas estimated with reference to the cost

mates provided by manufacturers if one pump only was to he developed for a particular
application. The cost estimate which was included in the computer program for these
pumps was $300, 000.

All of the cost values and average efficiencies used in the computer p:ré‘ -
grams are shown in Table 7.2.7 for all pump specds and types.

7.3  Hydraulic Turbines

Hydraulic turbines are not offered as standardized products by their manu-
facturers. Therefore, new units are designed for each application. Pricing informa-

tion is derived from preliminary design work which is carried out for each new inquiry.

The James Leffel and Company firm provided pricing information for a
number of Pelton units. Table 7.3.2 shows the design conditions for these units. The

costs shown include the turbine and its required governor.

Table 7. 3.3 shows the turbines offered by other manufacturers with the
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associated cost and elficiency data. The costs of governors have not been included in

the turbine costs in this table. The costs shown for European manufacturers do not in-

clude import duties and {reight costs.

The dala in these two tables ave summarized in Figure 7. 3. 1 which shows
the cost correlations for hydraulic turbines. The cost curve was [itted by an equation
which represents the capital cost of a Pelton Turbine without governors:

BHP . 398

N

Ed

= 1u, 300

This equation was used in the computer programs along with a tebine speed salection
as lollows:

Turhine Capacity Q@ (gpm) Speed (rpm)
less than 200 3600
200 = Q <« 150¢ 1800
500 = Q < 3509 1200
3500 = Q 900

Table 7.3. 1 Pelton Turbine Speed Selection

This selection of hydraulic turbine speed was made in order to satisfy two
conditions:

1. the specific speed of a Pelton turbine must be kept
between 1.0 and 5.0 {or good performance.

2. the cost of an electrical generator increases with both
speed and power rating. Therefore, when the hydraulic
turbine is used to drive a generator, the speed should be

reduced as the pover level increases.
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S Amre . AT e

B.H. P,

Head 13! | | HP 'T bi G
ea CLOW I urnine 10V,
EFF. |R.P.M. 223 :
(Ft.) (gpm) o } HP) 3 ij \Head 3 3
1765 6940 85.5 I 500 2650 4.05 63 1 53,000 | 11,500
| !
1 \
3340 10500 87.0 900 7740 3.11 134 73,000 | 12,000
1590 1730 85.0 1200 590 2.9 | 14.8 30, 000 8.500
1590 ‘ 299 85.0 1200 102 1.21 2.55 13,000 5,700
|
1250 | 173 85.0 1800 46 1,64 1.3 12, 000 2,000
1250 29.9 85.0 3600 § 1,76 . 226 5, 600 2,000
1675 29.9 85,0 3600 10,7 1,10 261 6,000 2,000
822 173 85.0 1800 30.5 2,26 1,063 10,500 2,000
3175 104 85.0 3600 70.9 1,27 1.206 11,500 2,000
777 299 85.0 1800 | 49.0 3.07 1.81 13,000 2,000
732 1730 85.0 1200 270 5,19 10,0 26,000 5,700
1180 69,4 85.0 | 1800 176 3.45 5.12 20,000 5,700
|
1115 1730 85.0 1200 410 3.79 12.36 28,000 5,700
1675 2990 85.0 1200 1075 3.62 26. 1 543,000 8,500
!
3000 1040 85,0 . 1800 670 2,1 12,25 29,000 5,700
2835 ' 10400 85.0 900 6320 3.48 119.5 70,000 8,500
Table 7.3,2  Hydraulic Turbine and Governor Costs

For Various Head and Flow Specifications (James Leffel & Co.)
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. Head Flow Eff. RPM Turbine
Alanufacturer (Ft.) (epm) - 3
_li
n
Allis-Chalmers 3000 104 89.7 3600 16, 000
771 69. 4 89,7 3600 16,000
1675 173 85.7 3600 16, 000
867 2990 89,7 1200 35,000 '
1675 2990 89,7 1200 , 35,000
;
Escher-Wyss G.M. B. H. 1115 694 83 3600 DM 42,000 i
(310, 500) :
1115 694 83 1800 DM 50,000 | i
($12,500) ]
3175 10400 87.5 3600 DM 115,000 s
" ($28,750)
867 173 84 3606 DM 36,000
($ 9,000)
867 173 84 1800 DM 486, 00C
(311,500)
1675 2990 86 3600 DM 88,000
($22,000) - ;
2835 104 80 3600 DM 43, 000 5
(310, 750) a
;
Voith GMBH 1765 694 37 3600 |DM 60, 000 N
($15, 000) 1
1180 2990 85 1800 | DM 78,000 ;
(319, 500) ‘1
1675 2990 83 1800 | DM 84,000 i
($21.000)
Pwm

—
i

Tahle 7.3.3

Hydraulic Turbine Costs from Various Manufacturers
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7.4  Driving Systems

7.4.1 Electric Motors

Cost data for electric motors are readily available from manufacturers'
brochures. For squirrel-cage induction motors in the size range considered in this
study, the chief manufacturers offer prices which are very close to one another for
comparable motors. Listed motors have efficiencies of about 98%. The cost data
presented below are taken from their price lists.

Squirrel-cage motors with horsepower ratings ranging {rom 200 HP to
20,000 HP have been considered. Data for three speeds: 400, 1800 and 3600 rpm,
are given, At 1800 and 3600 rpm, the cost is directly proportional to the horsepower
rating. At 400 rpm, the cost is proportional to the power below 3500 HP, and is an
exponential function of the power above 3500 HP. In Table 7.4.1 the relations be-
tween these parameters and unit costs are shown. The total capital costs are shown
in Figure 7.4, 1 for motors in the range of interest.

H°;§§ggwer RPM Cost Relation

200 - 20,000 3600 $§ = 14xHP

200 - 20,000 1200 $ = 10.8x HP

200 - 3,500 ] 400 $ = 102.3x (HP)-809
3600 - 20,000 400 $ = 20.8xHP

Table 7.4.1 Cost of Squirrel Cage Motors
(Normal Starting Torque) (Allis-Chalmers Peerless Electric)

7.4.2 Steam Turbines

Cost data for steam turbines are well documented in the sales information
of the larger steam turbine manufacturers. For comparable types of equipment, the
costs quoted by the diffexent manufacturers are very similar, The cost data shown be-
low were taken from data supplied by the Westinghouse Electric Corporation,

The costs of steam turbines are chiefly determined by their horsepower
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rating. . The most readily available turbines ave those designed to operate at a speed
of 3600 rpm. Slower speed models are not easily available and require the expensc
of custom designing. Higher speed models are readily available. Their costs are

very similar to those at 3600 rpm for all speeds below 8000 rpm. Above this speed
the cost increases with rpm,

Steam turbine prices are also affected by the steam conditions. For all
turbines, the capital cost increases with increasing steam inlet temperature and pres-
sures, Tor non-condensing turbines, the cost increases with increasing exhaust pres-

sure, For condensing turbines, the capital cost decreases with increasing exhaust
pressure.

For the present study, the steam conditions have been restricted to a nar-
row range of inlet and outlet conditions considered practical for reverse ssmosis plant
operation. These are summarized in Table 7.4. 2.

Turbine Type Inlet Conditions Qutlet Conditions
Non-Condensing 250 psi, 500 - 700° F 0 - 75 psig
Condensing 100 - 250 psi, 500° I 3 - 6 in. Hg. abs

Table 7.4.2 Steam Inlet and Outlet Conditions for Steam Turbines
(Westinghouse Electric Corporation)

The costs of the two types of turbines are summarized in the form of equa-
tions in Tables 7.4.3 and 7.4.4. The condensing turbine costs include a cost of ten
dollars per horsepower as the capital cost of the condenser unit. This number was
obtained by verbal communication with the Westinghouse Electric Corporation. A
plot of the total cupital costs for the two types of turbines is shown in Figure 7.4.2.

The steam consumption of steam turbhines is a function of both the steam
thermodynamic conditions and the turbine efficiency. The heat available for use by
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Horsepower Range Base Cosl + Variablciaog:tost + Condenser Cost
less than 500 19,500
2006 - 1,000 19,500 + 11,4 (HP =500y + 10 x HP
1,000 - 1,500 20,500 + 11,4 (HP - 500 + 10 x HP
1,500 - 2,000 21,500 + 11,4 (HP - 500) + 10 x HP
2,000 - 2,500 40, 100 + 17.7 (HP - 2000) + 10 x HP
2,500 - 3,000 42,100 + 17,7 (HP - 2060y + 10 x HP
3,000 - 3,500 62,300 + 24.1 (HP - 3000) + 10 x HP
3,600 - 4,000 65,300 + 24,1 (HP - 3000y + 10 x HP
4,000 - 10,000 46,500 + 22.1 (HP - 1000} + 10 x HP
10,000 - 20,000 243,200 + 12.9 (HP - 10,000) + 10 x HP
Toble 7.4.3  Condensing Steam Turbine Capital Costs

(Westinghouse Electric Corporation)
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Cost
Horsepower Range Base Cost + Variable Cost
less than 500 17,500

500 - 1,000 17,500 + 9.4 (HP - 500) ~
1,000 - 1,500 18,500 + 9.4 (HP - 500)
1,500 - 2,000 19,500 + 9.4 (HP - 500) t
2,000 - 2,500 35,100 + 16.8 (IIP - 2000) i
2,500 - 3,000 37,100 + 16.8 (HP - 2000)
3,000 - 3,500 56,400 + 24,1 (HP —'3000) !
3,500 - 4,000 59,400 + 24.1 (HP - 3000)
4,000 - 10,000 42,500 + 22,3 (HP - 1000)
10, ;c‘rzi';--"’;ﬁ,__go, 000 223,650 + 11.75 (HP - 10,000)

Table 7.4.4 Non-Condensing Steam Turbine Capital Costs
(Westinghouse Electric Corporation)

L)
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turbines is shown in Table 7.4.5 for 500° F steam at three inlet pressure levels.
For the condensing turbine, the outlet condition is 3 inch Hg (absoclute) and 115° I

For the non-condensing turbine, the steam exhausts near saturation at 50 psia.

Heat available, Btu/lb sieam
Steam Inlet Pressure Condensing Non-Condensing
' 100 psig 308, 7 39, 2
150 psig 329.6 73.6
250 psig 353.7 108. 3

Table 7.4.5 Heat Available from 500° I Steam

The consumption of steam during turbine operation is:

1bsteam__ _ 2544

HP-hr = heat available x turbine efficiency

Turbine efficiencies vary between 60% to 90%. Tor 100 - 300 psig inlet steam, the
i efficiency can be calculated by this equation:

i log (efficiency) = .099 log(HP)- 1.166

The equation applied, within 5 points, to both condensing and non-condensing tur-

bines.
7.4.3 Diesel Engines

Diesel engines available in the standard lines of products from the major
manufacturers are similar in capital costs. These engines cost approximately $82
per horsepower for engines smaller than 2500 HP, and cost $93 per horsepower for
engines between 2500 and 20, 000 horsepower.

et E e et ase e

Maintenance costs of diesel engines are approximately $1 per horsepower-
year. Fuel consumption is approximately 0. 37 pounds of fuel per horsepower - hour.

Lubricating oil consumption iz 1 - 2 gal.per horsepower - year.
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Diesel Engine Size (HP) Cost
HP < 2500 $ = 82x (HP)
6§00 = HP = 20,000 $ = 93 x (HP)

Table 7.4.6 Diesel Engine Cost Correlations
(Fairbanks - Morse)

7.5 Electric Generators

Cost data for electric generators were provided by the Westinghouse Corp-
oration and Power Equipment Company. The costs differ slightly depending on the
ratings of the machines selected. Table 7.5. 1 shows the resulting cest correlations
broken down according to generator power, speed, and voltage ratings. Figure 7.5.1
is a graphical representation of the equations derived from sales catalog data.

7.8 Gears

Gear costs have not previously been well documented in terms nof their
cost versus power, input rpm, and speed ratio. When buying gears for large machinery,
the gears are generally designed and tailored to meet the requirements within specified

tolerances. TFor this reason, gear costs have not previously been generalized.

Data for gear costs versus rpm and speed ratio at two power levelsfor gears
thought to be "typical" of the type to be used in a desalination plant were generated es-
pecially for this project by the Western Gear Corporation, ‘These data are shown in Fig-
ures 7.6.1and 7.6.2. Based on these data, an equation for gear cost was developed as

follows:
5]
_ 0,903 400 '
Gear cost = 5.23 [HP] [1+ 1.562 R] [W]
where:
RPM = revolutions per minute of the smaller gear
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8000
900

8000
600

8000
400

1000
600

30

8000
500

8000
5000

Tabie 7.5.1

360 rpm
— 900 KW
- 200 KW
400 rpm
~ 600 Kw
— 200 KW
600 rpm
— 400 KXW
- 125 KW
1800 rpm
- 600 KW
— 350 KW

1800 rpm
— 350 KW

900 rpm

— 500 KW
— 175 KW
1200 rpm
—-5000 KW
- 350 KW
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Eleetric Generator

140,
546,

140.
568.

230,
440,

35

272,

84.
124.

33.
93.

06 (KW)
45 (KW)

06 KW)
18 (KW)

41 (KW)
53 (KW)

71 (KW)
19.

76 KW)

48 (KW)

5 (KW)
38 (KW)

11 (KW)

28 (KW)

.812
612

. 810
. 590

. 840
.586

. 986
. 885

.992

. 841
781

. 936

815

Cost Correlations



r

R =  gear speed ratio (speed of smaller/speed of larger)
HP = power input
Cost = initial capital cost

Gear efficiencies are generally about 98%.
7.7 Plant Costs

Typical costs for those aspects of desalination plant operation which are
of interest for the present investigation were provided by the Office of Saline Water |
(OSW Report No. 134). These costs are: ;

e Membrane capital cost (exclusive of the pressure vessel):
$ .25/t (brackish or sea water) |

[ Labor cost:
$2.50/hour

Capital costs were assumed to be amoxrtized over a period of 30 years as follows:
5.27% based on 3-1/4 % interest for 30 years ‘
plus . 25% charge for insurance I
!

7.8 Service and Maintenance Costs

7.8.1  Pumping System

The "operating cost" for the pump is composed of two different items:

1. Spare Parts - The cost of spare parts that would be needed
during 30 years of operation were estimated by the manufac-
turers to be roughly 2/3 of the original capital cost of the unit.

This cost was treated as a capital cost and, as such, was

amortized over 30 years.
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2,  Service Cost - The cost of servicing the pump was estimated

to be $ .25/operating hour based upon the following lahor esti-
mates, In order to maintain and service the pump, which is
the key element of the pumping system, it was assumed that
two men would be required 8 hours/day and 50 duys/year.

This time allows for inspection periods, overhauling the pump
during plant shutdowns and any breakdown perlods, and for
replacement or repair of defective parts.

This service cost estimate agreed with one figure provided by a manufac-
turer. This information, however, is only a rough estimate. No manufacturer could
provide us with actual sérvice or maintenance cost data.

The spare parts described in Item (1) above will include a spare rotor to
mininiize the length of time the pump will be out of service if the rotating parts need
repairs. The d~fective parts can be replaced at the factory while the unit continues
in service using the spare rotor.

7.8.2  Driving System

The service and maintenance costs for an electric mofor drive were as-
sumed to be negligible.

Service and maintenance costs for steam turbines were calculated from
manufacturers information. The resulting figure is § . 10/operating hour.

Service and maintenance costs for dlesel engines were based upon data
gathered from manufacturers. The total service and maintenance costs amount to:

$2. 30/HP - year
including $1.0/HP~ year (for maintenance)

{ 2 gallons/Hp - year of lube oil
at § .65/gallon
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7.8.3 Membranes

The cost provided by the Office of Saline Water for the replacement of the
membranes was:

$ .50/’11‘2 ~ during the membrane operating lifetime

A one-year operating lifetime may be assumed for the membranes used in
brackish water desalination plants. A six-month operating lifetime may be assumed

for membranes to be used in sea water desalination plants.
7.8.4  Energy Recovery Systems

The operaling cost for the energy recovery system is composed of two
different items:

1. Spare Parts: The costs of spare parts required for the
hydraulic turbine during an operating period of 30 years
were roughly estimated to be 2/3 of the original capital
cost of the unit. This cost was Lreated as « capital cost

and , as such, was amortized over 30 years.

2, Service and Maintenance Costs: These costs for hydrau-
lic turbines were based on assumptions similar to those
made for pumps in Section 7,8.1. However, since the
hydraulic turbine operation is less eritical than the op-
eration of the pump to the continued production of water,
the two men were assumed to be rejuired to service the
turbine only 20 days/year. This service cost amounts to:

$ . L0/operating hour

7.9 Power Cosis

The figures shown below were provided by the Office of Suline Water (Report
No. 134) and, for the fuel cest, by a diesel engine manufacturer:

-~ electricily: $ . 007/KW-hr (OSW)
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~  steam: s .55/10% BTU (OSW)

~ steam resale price: § . 15/106 BTU (manufacturer's estimate)
— diesel fuel: $ .06/gallon (manufacturer's estimate)
(=% .01/1lb)

7.10 Power Consumption Calculations

The cost of the power reyuired tn drive the pumping system is based upon
the horsepower (HP) input to the pump.

— Electric Motor Drive:

The cost of electricity was given as 0.7 ¢. KW-hr in the preceding
section. The calculation of KW-hr/ 1000 gallons of fresh water out-
put is accomplished by the following eguation:

KW-hr  _ (HP input)

) 24 (hr) x 1000
1000 gallons (El. Motor Eff.)

x (.7467) x
MF.W. (GPD)

— Steam Turbine Drive:

The cost of steam was given as 55¢/million BTU in the preceding
section. The steam turbine is sized accordingly to the horsepower
input to the pump and the turbine efficiency. The calculation of
BTU/1000 gallons of fresh water output that are consumed is carried
out using the following eguations:

(St. Turb, Eff,) = (HP input) **°%/3.2
BTU _ (HP input) 24 (hr)x 1000
T000 gallons ~ (St Turb. Eff.) * 5890 % p ' (Gpn)

~ Diesel Engine Drive:
The diesel output hersepower must be equal to the pump input
horsepower. The cos! of fucl was givenas 1¢/1b in the preceding

section. The diesel fuel conguplion rate was esisblisherd at
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0.37 Ib/hp-hr from manufacturers' information. The calculation

of 1b/1000 gallons of fresh water output is represented by the follow-
ing equation:

Ib _ . 24 (hr) x 1000
1000 gallons <o x (RPIUO X o © . (GPD)
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Figure 7.2.2 Centrifugal Pump Cost Correlations
Used in Computer Programs
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Section 8

COST ANALYSIS COMPUTER PROGRAMS

8.1 Introduction

In order to compare the various plant arrangements for the selected "stand-
ard" plants and to select optimum configurations, two cumputer programs have been
written. These programs are written in Fortran IV language for use on the CDC 3600
computer.

Four drivers and two types of power recovery systems have been considered.
Electric motors, non-condensing and condensing steam turbines, and diesel engines have
been included in the study. The first power recovery system utilizes a hydraulic turbine
driven by the concentrated brine leaving the membranes and is connected to the pump
through a gear reduction unit. A sketch of this arrangement is shown in Figure 8. 1. 1 (a).
When comparing this system with power recovery to a plant without power recovery, two
different drivers must be considered. A smaller driver is required for the pump when
power recovery is utilized.

in the second type or power recovery system, the hydraulic turbine drives
an electric generator through a gear box (Figure 8. 1, 1 (b)). The first computer program
for this power recovery arrangement considers only electric motors as drivers. The
electricity generated is fed back into the motor. The motor size is unaffected by the ad-
dition of the energy recovery system but a smaller amount of power will be required from
outside sources. This program performs a speed matching optimization. Six generator
gspeeds and three electric motor speeds are considered and the program calculates all
posgsible combinations and their corresponding costs. |

The second program contains three subroutines to compute various costs
and operating requirements associated with the two types of steam turbine drives and
the diesel engine drive. Again, when using the first type of power recovery system
(direct gearing), two sizes of drivers are considered. With the second type of power
recovery system, the electricity produced is assumed to be sold outside the plant.
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Capital costs for the various pieces of equipment have been obtained from
manufacturers' data as discussed in Section 7. The data was reviewedand equations ex-
pressing the cost as a function of some parameter (e.g., horsepower) have been formu-
lated, or else costs for various size, speed, head, or capacity ranges have been es-

tablished. These costs were amortized over a thirty-year period and insurance costs
have been included.

Typical operating costs and power costs have been estimated as described

in Section 7, to allow realistic evaluation of the economic advantages of power recovery
in large size desalination plants,

Separate sets of programs have been written for brackish water input and
for sea water input. The major differences between ''sea water' programs and "brack-
ish water' programs are the plant design requirements listed in detail in Section 2. 1.
The subprogram that describes pump costs has also been changed, reflecting the in-
creased cost and operating efficiency of the sea water units. The membrane capital
and operating costs also are changed since a six-month operating life was assumed for
sea-water reverse ozinosis membranes, while brackish water membranes are expected

to operate for a year. However, the same basic program structure was retained for
both sets of programs,.

8.2  Typical Programs

8.2.1  Main Programs and Subroutines

To illustrate the operation of the computer programs in greater detail, a
flow chart (Figure 8.2. 1) and a ligting of the Fortran deck is given below. The program
shown is for plants 2, 3, and 5. It contains subroutines for the non-condensing and
condensing steam turbines and the diesel engines as drivers.

Two code variableg have been used in the program:

PLTC

plant power recovery system variable

PLTC

I}

0.0 if the power recovery system wila electric
generator is being consldered (Figure 8§, 1. 1 (b))
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PLTC = 1.0 if the power recovery system with direct
gearing is being considered (Figure 8. 1.1 (2))
2) DC =  driver code variable
DC = 2.0 for non-condensing steam turbines (Plant 2)
bC = 3.0 for condensing steam turbines (Plant 3)
DC = 5.0 for diesel engine driver (Plant 5)

ST BT

The dummy variable DC = 0.0 is placed at the end of the driver code (DC)
data cards to insure a logical stop for the program.

W o ™ ag

The program requires only the driver code to be read in as data. If addi-
tional drivers are to be studied in the future, new subroutines and call statements would
be necessary. The program can be modified to permit analysis for different plant speci-
fications by changing the cards in the appropriate section of the program.

The electric motor program is similar except that the electric motor cost
calculations are included as part of the main program and not as a subroutine. A large

number of comment cards have been used throughout the program to make the listing
more understandable.

8.2.2  Description of Program Outputs

The output format for the two programs (Figure 8. 2.2 and Figure 8.2.3)
differ in certain respects, The plant specifications (GPD, feed pressure, recovery
fraction, and fractional pressure loss), membrane data, and pump and hydraulic tur-
bine information are identical for both plants, The cents/1000 gallons cost given is
the contribution of the capital cost to the total water cost. (Capital cost input data
has been described in Sections 7.2, 7.3, and 7. 7),

In the program for plants 2, 3, and 5, the driver information is given
next. (The input data has been described in Sections 7.4,2, and 7.4, 3). In cases
where two lines of data are given, the second is for the case where a direct gear
between the pump and the power recovery system is being considered. The total cost
given includes both capital and operating costs.
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The output data listed below the driver information is divided into four
headings. Several columns are included under the last three headings.

] SPEED, RPM - lists the generator speeds considered
in the study.

® OPERATING COSTS - lists the total operating costs in

dollars for the pump and the hydraulic turbine. (Sections
7.8.1and 7.8.3).

° CAPITAL COSTS - lists the capital costs in dollars for
the gear sets and the generator. GEARS 1 gives the total
cost of all gear sets in the plant when power recovery is
used. GEARS 2 gives the total cost in the plant without
power recovery. The operating costs for the gears and

generator were assumed fo be negligible. (Sections 7.5
and 7. 6).

TOTAL CONTRIBUTIONS TO WATER COST - lists the
total cost including capital and operating costs (where appli-
cable) on a cents/1000 gallon basis for the pump, hydraulic
turhine, gears, and generator. TQT1 is the total plant cost
{inclvding power costs) for the plant when power recovery is
used; TOT2 is for the plant without power recovery. DELTA

is TOT2 - TOT1 and, if positive, indicates that power recov-
ery will be profitable.

. e asBar e s
PR oY . ‘

P AL

PRSI

The power cost is listed for both plants with and plants without power recov-
ery. Inthe case where the power recovery system has a generator, the electricity resale
value has been deducted from the cost of power supplied to the driver. (Section 7.9).

In the case where the hydraulic turbine is directly coupled to the pump, the

generator speed, capital cost, and contribution to water cost are zero. The power cost

in either case is the cost of the power supplied directly to the driver.
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In the electric plant program, the information listed aller the hydraulic
turbine data is broken down as follows:

° SPEEDS, RPM - lists the gpeeds of the moters and
generators which were studied.

° OPERATING AND CAPITAL COSTS - The first two
columns give the operating costs in dollars for the pump
and hydraulic turbine. The next four columns give the
capital costs in dollars for the gear sets, the electric
motor (Section 7.4.1) and the generator. GEAR 1 couples
the motor and the pump while GEAR2 couples the hydraulic
turbine and the generator. Operating costs for these four
items were assumed to be negligible,

L CONTRIBUTIONS TO WATER COST - The first two
columns list the operating costs for the pump and the hy-
draulic turbine. To find the fotal contribution of either
item, add this cost to the capital cost listed above. The
next two columns give total costs for the motor and genera-
tor since operating costs were assumed to be zero for these
machines, TOQTI1 is the total plant cost (including power)
when power recovery is used and TOT2 is the total cost
without power recovery. DELTA is TQOT2 - TOT1 and, if
positive, a power recovery system will be a profitable ad-
dition to the plant.

In the case where the hydraulic turbine is coupled to the pump, the genera-
tor speeds and costwill be zero, and the motor costs will be those of 2 smaller motor.
In computfing TOT2, the cost of a larger motor is used.

In the plant where the power recovery system produces electricity, Program 4,
the power cost with recovery reflects the reduced amount of electrical power that must
be purchased outside, while in Program 1 the reducedpower cost withrecoveryisdueto
the use of a smaller electric motor.
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8.2.3  Speed Malching

Many speed combinations are possible for the driver, pump, power recovery
turbine, and (when included) the electrical generalor used in a given pumping system ar-
rangement. An iteration procedure has veen included in each computer program to ex-
plore each of the possible speed combinations that can be used to satisfy the plant design
requiremenis. When necessary, the computeyr takes into account the need for gears or
belts with their associated costs. All possible combinations are calculated and printed
out, The optimum combination, or combinations, can be selected by scanning the column

that describes the total contribution of the pumping system to the water cost.

The speeds used in the program have been chosen as the most typical speeds
for each tvpe of machine from the information obtained from the manufacturers. If, for
example, consideralion of a different pump speed appears to be warranted as a result of
future developments, the new speed value can be added to the program and the computer

will analyze the resulting new combinations.

Figures 8.2.2 and 8. 2. 3 are typical outputs illustrating the speed matching in

cases 1 and 4.

8.3  Program Listing

One typical program listing is given in the next pages. This listing represents

the optimization program used for arrangements A and B as described in Section 6. 2. 1,
These arrangements are electric motor driven sea water plants with and without energy

recovery.
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Figure 8. 1.1  Ceneral Power Recovery Systems for
Reverse Osmosis Desalination Planls
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PROGRAM PLANT FLOW CHART

DIMENSION SUBSCRIPTED
VARIABLES

l

COMMON PROD (3), AMT, CINS, UCSTM, URSTM, PLTC, SD(5), 1

GEAR COST EQUATION AS FUNCTION OF
HORSEPOWER, GEAR RATIO, SPEED

#

l FORMAT STATEMENTS '

|

SET UP PLANT SPECIFICATIONS:

CAPACITY, FEED PRESSURE,
FRACTIONAL RECOVERY,
FRACTIONAL PRESSURE LOSS

!

SPECIFY UNIT COSTS:

AMORTIZATION RATE

INSURANCE RATE
POWER COSTS
MEMBRANE COSTS

Y l

I READ, DC I

{

Figure 8.2.1 Program Plant Flow Chart
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- .

.-,‘._,.l SET PLTC = 0.0 l

DO 500 J = 1,3
(FEED PRESSURE)

Y

. DO 500 K = 1, 3 ;
rl (RECOVERY FACTOR) )

Y

| Dposoor = 1,3
vl (PLANT CAPACITY)

|

o A

) e g

.
v
DO 500 L = 1,4
(FRACTIONAL PRESSURE LOSS)

i TP ey

CALCULATE PLANT PERFORMANCE INFORMATION:

REQUIRED FEED RATE, PUMP HORSEPOWER, PUMP HEAD
BRINE FLOW, BRINE PRESSURE, HYDRAULIC TURBINE HORSEPOWER
MEMBRANE AREA, MEMBRANE COSTS

e e ke amard b e ey L

CALCULATE PUMP SPEED, CAPITAL COST.
EFFICIENCY, ¢/K GALLONS

L6 Y
CALCULATE HYDRAULIC TURBINE SPEED, CAPITAL COST,
. EFFICIENCY, ¢/K GALLONS

.5 l
L
Figure 8.2.1 Program Plant Flow Chart (Continued)
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DO 500 IG = 1,6

+

IFDC = 2.0 GO TO NON-CONDENSING
STEAM TURBINE SUBROUTINE

IFDC = 3.0 GO TO CONDENSING
STEAM TURBINE SUBROUTINE

IFDBC = 5.0 GO TO DIESEL
ENGINE SUBROUTINE

$N°' < JS PLTC = 1.0 ? YES #

SET GENERATOR
GENERATOR SPEED COSTS = 0.0

4

CALCULATE GENERATOR
CAPITAL COST, ¢/K GAL

|
y

CALCULATE DRIVER-PUMP
GEAR COSTS

YES NO

: :

Figure 8,.2.1 Program Plant Flow Chart (Continued)
156



CALCULATE CALCULATE DRIVER-PUMP GEAR -
HYDRAULIC TURBINE~ COSTS FOR SMALLER DRIVER

GENERATOR GEAR COSTS WITH DIRECT POWER RECOVERY

:

CALCUL.ATE HYDRAULIC TURBINE-
PUMP GEAR COSTS

+ l

SUM GEAR SUM GEAR
COSTS COSTS
YES NO

#

SUBTRACT VALUE OF e

ELECTRICITY PRODUCED CONTINUE ‘
FROM POWER COSTS

Y

COMPUTE PLANT FIRST COSTS WITH AND
WITHOUT POWER RECOVERY
(INCLUDING AMORTIZATION AND INSURANCE)

:

COMPUTE TOTAL OPERATING COSTS
WITH AND WITHOUT POWER RECOVERY

!

Figure 8,.2.1 Program Plant Flow Chart (Continued)
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3 —

2]

#

PRINT SPEED AND COST EQUIPMENT INFORMATION,
PLANT TOTAL COSTS AND DELTA

'

IF PLTC = 0.0 AND SG(IG) = 1800
PRINT POWER COSTS

l

IF PLTC = 1.0
PRINT POWER COSTS

L

500 CONTINUE

l

PLTC = PLTC+ 1.0

NO YES

l

l READ, DC

NO

Figure 8.2.1 Prog‘ra.m Plant Flow Chart (Continued)
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MEMHRANE THHUPUT,GRU/F T2 20 CAPITAL COS5T=z¥ 1258 CENTZ1000 GAL= 7,1
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Figure 8.2.2 Program 4 Qutput - Electric Motor Driven
Brackish Water Plant
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Section 9

RESULTS QF THE COMPUTER CALCULATIONS

8.1  Contributions {o Fresh Water Cost

The results obtained from the computer analyses are presented in this
section., A series of curves have been prepared to show the contribution to the total
cost of fresh water incurred by the acquisition, operation, and servicing of the pump-
ing system equipment,

The particular costs that have been included in this study and which are
represented as the "contribution to water cost' on these curves were described in
Section 7. A complete list of all the separate cost items follows:

- electric motor price
. - non-condensing steam turbine price
driver

capital ¢ - condensing steam turbine price
cost - diesel engine price

- gear,between pump and driver price

- pump price

- pump service and maintenance costs

- hydraulic turbine price

- hydraulic turbine service and maintenance costs

- price of gear between hydraulic turbine and pump, or
price of gear between hydraulic turbine and generator

- electric generator price
- membrane initial cost
- membrane replacement and service cost

- power costs for the driver

A legend is provided hefore each set of curves explaining the symbols
used, The shaded areas on the plots represent pumping systems that include an en-
ergy recovery system. The amount of energy recovered by the hydraulic turbine is
influenced by the pressure drop in the brine as it flows from the pump through the
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membrane array to the turbine. In this investigation, pressure drop values of 0%,

5%, 10%, and 15% of the pump discharge pressure level were each used by the comput-
er during the cost calculations for alternative pumping systems. Therefore, the upper
(higher cost) boundary of the shaded area represents 15% pressure drop in the mem-
brane array, while the lower {lower cost) boundary represents 0% pressure drop. The

curves for 5% and 107 pressure drops fall wilhin the shaded area.

When energy recovery is not included in the system, the tofal contribution
ol the pumping system to the water cost is represented by n single line rather than a
band.

One set of figures (¥igv-es 9.1, 31 to 9. 1. 46) shows the individual contributions
of the capital costs, operating costs, and driver power costs for the various plant ar-
rangements.  Loch of these costs are separately represented by a line which is appro-
priately tabeled (e.g.. turbine operating, pump capital). Each cosl is referenced fo
the baseline of the figure. This permits a direct comparison of the importance of each

component of the "'total contribution to the water cost".

ji=]
1o

Results of Optimization Calculations
9.2,1 Comparison of Various Plant Arrangements

An analysis of the figures given in the previous section shows that, for the
-
10° GPD plant size, the addition of an energy recovery turbine is not economically
justified, Furthermore, the type of driver used (motor, steam turbine, or diesel engine)

has an insignificant effect on the fresh water cost.

For the 106 GPD and 1(\? GPPD plant sizes, the selection of the type of driver
becomes important and energy recovery becomes economically justifiable, The plots
show that the power cosls lor the 107 GPD plant size are ten times larger than the total
capital cost of all the pumping system components, and seven times larger than the
"operating' costs (service and maintenance). Therefore, the driver efficiency and the
eost of the energy supply {electricity, steam, or fuel oil) become very important factors
in the economy of the larger plants. (In the case of the 105 GPD plant, the power costs

were only 2 Litues larger than capital costs, and 1/5 of the ""operating" costs).
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For the larger plant sizes, the power costs follow this pattern: steam tur-
bines are less expensive than diesel engines, which are much less expensive than elec-
tric motors., The quantitative values follow:

° non-condensing steam turbine drive with energy recovery: 10¢/k gal
o condensing steam turbine drive with energy recovery: 11¢/k gal
° diesel engine drive with energy recovery: 14¢/k gal
° electric motor drive with cnergy recovery: 16¢,/k gal

The savings achieved by the energy recovery turbine for the 106 GPD to
107 GPD plant size can be conveniently expressed as a percentage of the total cost con-
tribution of the pumping system without energy recovery. This percentage was influenced
by the type of driver uged and the energy recovery arrangement but was not influenced by
the membrane pressure level, recovery factor, brine-side pressure drop, or feedwater
flow rate. The savings percentages were as follows:

Savings in % of total cost contribution without

Driver

—_—— energy recovery
electric motor 10%
diesel engine 15%
steam turbine 20%

The savings values above are for an energy recovery system in which the hydraulic tur-
bine drives an electrical generator. If the turbine is used to drive the pump directly or
through a gear, the savings are increased by about 1 to 2% of the total cost for plants
delivering 10% GPD of fresh water, and by about 1/2 % for plants delivering 10" GPD.

9.2.2 Influence of Pressure Level and Recovery Factor

‘Three parameters taken together can be used to represent each "standard"
plant; these are the fresh water recovery factor, the membrane pressure level, and the
fresh water production rate, Table 9.2, 1, takeon Iron: Figures 9. 1.1 to 9. 1. 18, shows

the limiting values of these porameaiore ab which gnorgy rencvery bacep . g eronoraicul
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for electric motor driven systcms. (For the diesel engine and steam turbine driven

systems, energy recovery is economical for .1l of the 10% and 107 GPD plants con-

sidered.)
. . . Hydraulic Turbine Direct
Electric Generator Hook-up
Recovery Fresh Water Recovery i Fresh Water
Factor Pressure Qutput Factor Pressure Qutput
A 1000 PSIA 10° GPD 509 800 PSIA 10° GPD
70% 400 PSIA 10° gPD 70% 400 PSIA 10° gPD
804 600 PSIA 10G GPD 80% 400 PSIA 106 GPD
| 807 400 PSIA 10’ GPD 80, 400 PSIA 10’ GPD

Table 9.2.1 Combinations of Recovery Factor, System Pressure
and Fresh Water Output at Which Energy Recovery Becomes Economical

The conclusions for electric motor driven systems are as follows:

L At a recovery factor of 50%, enough rejected brine leaves the
membrane array to make energy recovery economically sound
at all of the syslem pressures considered for plant sizes of 106
and 107 GPD. For the 10'!3 GPD plant size, energy recovery is
not economical if the system pressure is less than 1000 psi.

° At a recovery factor of 70%, a smaller amount of rejected brine
is available to the energy recovery system. Energy recovery
is not economical for 105 GPD plants but is economical for all
of the 106 and 107 GPD plants considered. '

o At a recovery factor of 80%, energy recovery is not economical
for 105 GPD plants, and is economical for all of the 107 GPD
plants considered. For 106 GPD plant size, the energy recovery
is economical only for pressures of 600 psi or greater. when an

electric generator is included in the energy recovery system.
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Energy recovery is always economically justified for

the 1500 psi sea water desalination plants with flow
rates of 105 GPD or greater.
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Cuwa

Figure

. . . No.
Without Energy Recovery
] 9.1.1
—_—— e — — With Elccetric Generator to
9.1,18
- — With Direct 1H.T. Hook-up
Tvpe of M iver
Figure
Electric Motor - \ No.
9. 1,19
R Diesel Engine
? to
R Condensing Steam Turbine
9.1.30
- - Non-Condensing Steam Turbine

From Figure 9. 1.31 o Figure 9. 1.46G. all
symbols are explained.

E-planation of Symbols Used in the Various Figures
Describing the Contributions to Tolal Water Cost for Brackish
W-ter Desalination Plants.
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30 4=
25T
400 psi
80O psi
20 -
15 -4
1 N
= T ] _’-
10" 10" 107

Fresh Water Cutput, ¢PD

Figure 9.1, ! Contribution to Tolal Waler Cost - Electric Motor

Driven Plant with Eleciriec Cenerntor
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% 0% Recovery Factor
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\ ~
— \'--.
1o 4 -_—
| - L |,
KU IAO() ]_07

Fresh Water Output, CPD

Figure 9.1,2 Contribution to Total Waler Cost - Electric Motor
Driven Plant with Diveet Hydrauwlie Turbine Hook-up
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+ 70% Recovery Factor

30 T

|
<3

L

1
e

400 psi

Cents/1000 gallons

300 psi

M

1 ; 1

- 11
10° 108 107

Fresh Water Output, GPD

Figure 9. 1.4 Contribution Lo Total Water Cost - Electric Motor
Driven Plant with Direct Hydraulic Turbine Hook-up
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Figure 9. 5.6 Contribution to Total Water Cost - Electric Motor

Driven Plant with Diveet Hydraulic Turbine tiook-up
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Figure 9. 1.7  Contribution fo Total Water Cost - Electric AMotor
Driven Plant with Elcetric Cenerator
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Fiagure 9. 1.8 Contribution to Tolal Water Cost - Eleclric Motor

Driven Plant with Direet Hydraulic Turbine Hook-up
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Seection 10

CONCLUSIONS AND RECOMMENDATIONS

10.1  Factors Influencing Water Cost

The cost of the power required to drive the high-pressure pump in a reverse
osmosis desalination plant is larger than any of the other costs associated with the pump-

ing system. Therefore, increased development costs and increased capital costs can be

SIS ) L

justified to obtain higher pump efficiencies for reverse osmosis applications.

'The cost of various forms of energy - steam, electricity, or diesel fuel -
should be carefully evaluated at each plant site to select the most economical type of
driver. On the basis of standard energy costs provided by the OSW, steam turbine

drivers lead to the lowest pumping system costs for the larger (106 GPD to 107GPD) de-
salination plants.

o6 chial .t eV NTR RS e

The driver selection is less critical for 105 GPD plants.

1 ; The use of gears to accept the speed of the most efficient driver and deliver
; [ the speed required by the most efficient pump for a given pressure and flow requircment
"'f is economically justified. The capital cost added by the gear is generally less than the
5' cost savings achieved by using the most efficient pump and driver combhination.

The cost savirigs which may be obtained by adding a hydraulic turbine to the
system depend upon the following parameters in order of descending importance:

1.  fresh water production rate

h
b
#

Do

fresh water recovery factor

3. membrane pressure level

efficiency of the energy recovery system and type of
energy recovery arrangement

L e D d AR P,

D T T

3 5. service and maintenance costs (listed as "operating
costs")

PP T
e o R
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6. good matching of the various shaft speeds

The brine-side pressure drop in the membrane channels has very little influence on the
savings obtnined by energy recovery.

10.2  Areas ‘equiring Further Development

The best materials to use in high-pressure pumps and hydraulic turbines
for saline water service have not been determined with certainty. Stainless steel and
NiResist are recommended by most manufacturers, but their experience with saline
water in high-pressure machines is limited. These materials and others should be tested
in pumps and turbines to determine gperating life characteristics and maintenance require-
ments, Both centrifugal and reciprocating pumps sinould be tested; the conclusions obtained
for one type are not directly applicable to the other type.

The possibility of developing centrifugal pumps especially for the 105 GPD i
10G GPD plant sizes should be evaluated. The centrifugal pumps which are presently i
available have been designed for other types of service and may not have the highest effi-
ciencies attainable for desalination plant requirements. High-speed units of smaller size
may be more desirable. The manufacturers suggested that higher efficiencies can he ob- , !

tained by development work to improve impeller and diffuser design and to obtain tighter
clearances between stationary and running parts.

There is a need for new pump designs to meet the requirements of the 107 GPD !
plants. Present pump product lines do not extend up to this high-pressure, high-capacity
range of operation (Figure 3.2, 1). 3

The relialility of the reciprocating pumps suitable for the 105 GPD plant size
depends upon the material selection, the valve design, and the seal design. Reciprocating -'
pump manufacturers state that these units are reliable for brackish water. However, some

desalination pilot plant tests have uncovered operating problems. Development work on
seals, packings, and valves may be desirable.

10.3  Areas Requiring Further Analysis

A number of aspects of the design of pumping systems for the reverse osmosis

process require further analysls. These aspects are as follows:
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. Equipment Arrangement:  Atlenlion should be given to the
positioning of the pump, the hydraulic turhine, and the pump
driver with respect to the membrane systems and the leed-
water pretreatment system. Careful design is desirable to
minimize flow losses in connaecting piping, to facilitute mainte-
nance, and to reduce the cost of the structure required to
support the components.

o Use of Pumps in Parallel: Several lower-capacity pumps
operating in parallel can be used to meet the flow re;juire-
ments of the large size (107 GPD or greater) desalination
plants. This approach is attractive from the standpoints of
plant reliahility and efficiency of operation during periods of
teduced demand. The technical aspects of parallel operation
(controls, maintcnance, performance, and veliability) should

be analyzed together with the economical aspects.

o Plant Control Tcechnirues: The control system to be used for
the pump driver and the power recovery turbine must be designed.
Methods to control the pump flow rate and miembrane pressure
level must he devised. The range of flow rates required [or plant
operation during peak and minimum demand periods must be es-~
taklished.

Flow control can be obtained in the pumping system by by-passing flow from
the pump discharge back to the pump inlet, by varying the number of nozzles and nozzle
area in the hydraulic turbine to alter the system resistance, or hy varying the pump speed
if the driving arrangement permits. An analysis is required to selecti the hest one or hest

combination of these methods for controlling the puinping system output.
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APPENDIX B
This appendix includes the questionnaires which were sent to pump manufacturers
and hydraulie turbine manufacturers.
Appendix B - Pump Questionnaire

Appendix B2 - Hydraulic Turbine Questinonnaire
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Peouress throngh Kesearch / 17 TUDOR STREET, CAMBRIDGE, MASS., 02139

617~ UNivarsity 8-8050

Appendix Bl
Pump Questionnaire

Gentlemen;

Dynatech Corporation, an independent engineering research and
development organization, is carrying out an analysis of pumnping equipment
for the Oifice of Saline Water, United States Department of the Interior.
Our purpose is to determine the present state-of-the-art with respect to
pumping systems suitable for use in reverse osmosis desalination plants.
This information will help us to select the optimum pumping system
arrangement for various sizes of desalination plants. The results of cur
study will be used by OSW in plant design work, preparation of economic
analyses, and in allocating development funds to the pump industry.

We have already collecied and analyzed standard catalog data from the
principal manufacturers of pumps suitable for this type of desalination plant.
Now we wish to review our preliminary conclusions with the manufacturers
and to gather supplementary information. We are particularly interested
in acquiring price and operating cost information for a number of specific
pump requirements. With this letter, we are requesting ynur assistance
to provide the information which we need on your products.

We have enclosed a brief note which outlines the objectives of our
study, presents a summary of our project plan as a backgyound for our
requests, and then describes the specific information which we are re-

questing. We will be pleased to assist you in any way we can to gather
this material.

Thank you very much for your assistance with this study.

Sincerely yours,

Kenneth E. Hickman, Manager
Fluid Mechanics Group
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Pumping System Infiormation Request
0.8.W. Contract No. 14-01-0001-1462
“Evaluation of Existing and Unconventional Means
for Pumping and Energy Recovery in &

Reverse Osmosis Desalination Plant"

1. Project Objectives

We are carrying out an analysis of pumping equipment for the
Office of Saline Water, United States Department of the Interior. The
objectives of our study are as follows:
(1) To select the best types of pumping systems for use in
reverse osmosis desalination plants
(2) To determine whether the pumps required are presently
available and, if so, from whom
(3) To identify areas of Lumping technology which may require
OSW-funded development work by the pump manufacturers
in order to meet the requirements of desalination plants
We request vour assistance in providing information on your products
which are suitable for this service. We would like to obtain both
technical and cost information for particular umps; perhaps a summary
of our project plan will heip to explain how we defined particular pump
specifications for your consideration.

2. Project Summary

In the reverse osmosis process for waler desalination, salt water
pumped to pressures from 400 psi to 1500 psi flows past osmotic
membranes. Pure water diffuses through the membranes while the re-

maining more-concentrated brine is rejected. The operating pressure
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level required for good membrane performance is set by the salinity of
the 1nput water; brackish water of low salinity (5, 000 ppm) requires pres-
sures of 400 to 800 psi while sea water (35, 000 ppm) requires 1506 psi for
economical desalination.

The desalination plant sizes considered in our study cover the
range from 100, 000 to 10 million gallons per day of fresh water output.
The ratio of fresh water recovered to plant inlet flow is 40% for sea
water plants and varies from 50% to 80% for brackish water plants. 7T'here-
fore, the pumping systems to be considered cover the range of flow rates
from 80 gpm to 19,000 gpm. The head requirements range {rom 800 ft
to 3500 ft. Because of the high flow rate and high head requirements, the
capital cost and operating costs of the pumping system are significant
factors in the overall economy of the nlant.

To meet our objective of selecting the best type of pumping
system for each set of plant conditions, we plan to carry out an
economic analysis of the capital and operating costs for a number of
possible pumping system arrangements. The arrangements differ
with respect to type of pump and manufacturer, pump speed, driver
(electric motor, steam turbine, or diesel engine), and power re-
covery turbine hookup. To keep the effort required for the economic
analysis within bounds, we have defined 30 discrete plant pump re-
quirements which cover the complete range of flow rates and heads
for the desalination plants. Figure 1 shows the 30 plant pump
requirements and indicates their relationship to the plant operating
conditions.

We have acquired general catalog information from the
principal manufacturers of high-flow, high-head pumps and we have
attempted to identify specific pumps in each manufacturer's line
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which can be matched to our 30 plant pump requirements. The next step in
our program, the step which this Jetter initiates, is to review ovr selections
with the manufacturers and to gather supplementnry information. e want 1o
obtain price and operating cost information for each of the 30 plant pump re-
quirements, and for each speed for which pumps are availahle {0 meet o ¢iv
plant.requirement. We also want to obtain information on pnmp charnelerief
materials of construction, accessories and auxilary equirmenl, ipsiciiatior
. and maintenance requirements, and operating instructions.
We plan to use the cost data to develop graphical cuives ar eqea-

.ions which descrihe the relationship of cost to the pump periornince
requirements. Our work on turbines, electrical motors, and generaters
indicates that both the initial and operating costs of such equipment can
be correlated effectively with horsepower for a given class of equipment.
We expect that a similar type of correlation will be useful {or the pump
cost information. After these correlations are devaloped we will nse
computer techniques to compare costs of the various types of pumping
systems which can be used to meet each plant pump requirement.  ['bose
systems will vary with respect to the following elements;

type of pump and manufacturer

pump speed

type of driver

power recovery arrangement
The systems which yield the lowest total cost, amortized over a 30-
year period, will be selected as the optimum pumping systems for the
30 selected plant requirements.

In addition to our recommendations on optimum pumping system

design, we also will prepare for OSW a report which discusses @ number
of operating and design considerations which are pertinent to pumps
for desalination service. These considerations include water pretreat-

ment requirements, installation characteristics, pump material selecticn.

're e e . '
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maintenance requirements, control systems, spare parts recommenda-

tions, and typical operating problems which may be encountered. The
information to be included in this report will be sought {from the manu-
facturers; supplementary information has already been gathered from

the technical literature.

The final report of this project will be made available to the
public by OSW. In this report, we will list the manufacturers who
provided the information upon which the report is based. However,
no identification of specific manufacturers will be made at any other
point within the report; alternative pumps for specific plants will be
identified by letter only (e.g., pump A, B, C). The cost and technical
data provided by each manufacturer will be treated as confidential by

Dynatech and OSW if so requested. Such confidential information will
not be disclosed outside of these organizations.

3. Information Requested

The information which we request from you can be divided into
two classes; information on spccific pumps, and general operational
wnd design information.

3.1 Specific Pumps

We would like to obtain performanrce and cost information for
those pumps which you now manufacture which meet the {low and head
requirements for individual plants taken from our list of 30 standard
plants (Fig. 1). Enclosed with this letter is a list of your pumps which
we have matched to some of the standard plants. Also enclosed is a
set of one-page data sheets which indicate the information we would

like to have for each pump, and which we hope will make your res-
ponse easier to prepare.
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Please review our list of standard plants to see if we have
overlooked other pumps which you could offer, and whether we have
selected the best one of your pumps for the plants we have already con-
sidered. Can the same plant requirements be met by pumps of different
speeds ? We will appreciate any additional information or comments
which you may have on this pump selection phase of our study.

3.2 General Information

To assist us in preparing our report on operating and design con-
siderations for desalination process pumps, we would like to obtain
answers to a number of guestions about your pumps, These guestions
are general in nature; the same answers may be applicable to a number
of your pumps which were identified in the data sheets above. You may
have already prepared brochures, reports, or operating manuals for
your pumps which provide most of the answers we seek.

The questions which we have prepared are listed on several
pages enclosed with this letter. We will contact you in about one week
to determine the manner in which it would be most convenient for you
to provide answers to us.

We would like to know of any pump development progr~ws which
are now in progress or are being planned at your company which would
change the position of your company's products with respect to the
reverse osmosis desalination process. This information will be {reated
as confidential by Dynatech and OSW if you so request.
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Questions for Section 3.2: General Information -~ Pumping Systems

We would like to obtain general design and application informa-
tion on those types of your pumps which meet the requirements for our
standard plants. This note lists the information we need and the
questions which we want to answer for each type of pump.

Your replies to some questions will be guided hy the fact that
the desalination plant is a utility., The pumps, together with their
drivers and accessories, must operate continuously for long periods
between scheduled shutdowns. Because of the nature of the process,
the pumps will operate at constant speed with only small,slow variations
of head and flow rate which occur as a result of iong-term membrane
performance fluctuations.

1. Pump Characteristics

1.1 Efficient operating range: H possible, please provide typical
head and efficiency vs. flow rate curves for appropriate pumps.
Otherwise, please indicate the range of {low rates over which
the efficiency remains within 4 points of its peak value.
1.2 Physical Descriptions: Please provide a cross-section drawing
of each type of pump or identify its type (e.g., vertical, horizonial,

barrel, etc.). Tlease describe the following components and their
materials of construction:

inlet geometry: double or single guction

impeller construction

diffuser type

thrust balancing features

bearings

seals recommended for our application, and their expecied
leakage characteristics; what alternative seal arrange-
ments could be used, if any? What are the associated
cost variations ?
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2. Drivers

2.1

2.2

Recommended drivers:

Do you recommend any particular drivers for these pumps?

What type of electrical motor is best for this application?

Are there any particular cautions you would advise with
respect to the use of turbine or diesel engine drivers?

Packaged Systems

Do you offer driver-pump-accessories packages ready for
installation as an option?

3. Accessories and Auxiliary Equipment

3.1

3.2

3.3

3.4

w
[

Spares

What spares should be kept on hand to assure rapid restoration
of service at scheduled maintenance periods?

What spares are required to protect against failures?

Lube Oil System

Please provide a description and diagram of the lube oil system
required for your pumps.

Please describe any external (to the pump) equipment required
for the sealing systems you have recommended.

Controls

Please outline the controls required for safe and efficient
operation of your pumps.

Couplings

Do you recommend any particular types of couplings for these
pumps ?

Does the type of driver to be used affect the choice of coupling
type?
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4. Installation Requirements

4.1 Inlet and Discharge Piping

Are there any special requirements with respect to inlet and
discharge piping arrangement which should be observed
for best performance with your pumps?

4.2 TFoundation Requirements

Please describe the foundation requirements for your pumps.

4.3 Set-up Procedures

Please outlne any special procedures or precautions to be
observed when setting up your pumps in a new plant

4.4 General Arrangement

If possible, please furnish diagrams showing a typical installation
of your pumps and their relation to the driver and to auxiliary
systems.

5. Maintenance

Please describe the maintenance requirements for your pumps.

What program for maintenance and inspection operations do you
recommend ?

What is the life expectancy for each of the following pump
components in saline water service:

seals
roiors
diffusers
bearings
casings

What are the types of failures which occur in these pumps?

3. Operating Instructions

Please provide typical cperating manuals if possible.

What are the procedures to be followed to start up and shut
down your pumps?
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What are the types of operating problems encountered in service
and how may they be avoided?

7. Costs

7.1 Pump Prices

The information you have provided on specific pumps includes
price information. Do these prices include any accessories,
spares, or auxiliaries?

Do you have any correlations on pump price vs. another para-
meter (e.g., horsepower, head, impeller diumeter, speed,
flow rate, or number of stages) which we could use to guide
our economic comparisons?

7.2 For the pumps you have described in response to our particular
plant requireraents, please indicate costs where possible for
the following items:

maintenance

spares

foundation and installation costs

aaxiliaries: lube oil, seal, and control systems
packaged pump-~-driver-auxiliary systems where available
operating costs exclusive of driver power costs, if any

o , . ‘
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Appendix B2
Hydraulie Turbine Questionnzire

Gentlemen:

Dynatech Corporation, an independent engineering research and develop-
ment organization, ig carrying out an analysis of hydraulic power recovery equip-
ment for the Office of Saline Water, U.S. Department of the Interior. Our pur-
pose is to determine the present state of the art with respect Lo power recovery
systems suitable for use in reverse osmosis desalination plants. This information
will help us to select the optimum power recovery system for various sizes
of desalination plants. The results of our study will be used by OSW in plant
design work, preparation of economic inalyses, and in allocating developrent
funds to the hydraulic turbine industry.

We have already collected and anaivzed general information from literature
made available to us by major hydraulic turbine manufacturers., Now we wish to
complete our preliminary information and acquire price and operating cost infor-
mation for a number of specific hydraulic turbine requirements, With this letter,
we are requesting your assistance to provide this supplementary information,

We understand that hydraulic turbines are not Voff-the-shelf" equipment,
but miachines "tailored" to each customer’s needs. We have enclosed a brief
note which outlines the objectives of our study, presents a summary of our
project plan as a background for cur requests and then describes the specific
information which we are requesting, We will be pleased to assist you in any
way we ean to gather this material,

Thank you very much for your assistance with this study.

Sincerely yours,

Kenneth E. Hickman, Marager

Fluid Mechanies Group
KEH:a

Enclosure
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Power Recovery System Request
O, 8. W, Contract No. 14-01-0001-1462
"Evaluation of Existing and Unconventional Means
for Pumping and Energy Recovery in

Reverse Osmosis Desalination Plant”

1. Project Objectives

We are carrying out an analysis of pumping und power recovery
equipment for the Oifice of Saline Water, United States Department of the
Interior. The objectives of our study are:

(1)} To select the best types cf pumping systems for use in

reverse osmosis desalination plants

(2) To select the hest types of power recovery systems for use in

reverse osmosis desalination plants.

(3) To study the integration of these power rccovery systems into

the pumping system and to determine the resulting economic

advantages.

We request your assisiance in providing information on your products
which are suitable for this service. We would like to obtain beth technical and
cost information for particular power recovery systems; perhaps a summary
of our project plan will help to explain how we defined particular hydraulic tur-
bine specifications for your consideration.

2. Project summary

In the reverse osmosis process for water desalination, salt water
pumped to pressures from 400 psi to 1500 psi flows past osmotic membranes.
Pure water diffuses through the memhranes while the remaining more eoncen-
trated brine is rejected. The operating pressure level required for good
membrane performance is set by the salinity of the input water; brackish water
of low salinity (5, 000 ppm) requires pressures of 400 to 800 psi while sca water
(35, 000 ppm) requires 1500 psi for economical desalination.
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The desalination plant sizes considered in.our study cover the range
from 100, 000 to 10 million gallons per day of fresh water output. The ratio of
fresh water recovered to plant inlet flow iz 40% for sea water plants and varies
from 50% to 80% for brackish water plants. Therefore, the pumping systems
to be considered cover the range of flow rates from 80 gpm to 19,800 gpm. The
head requirements range from 800 ft to 3500 ft. Because of the high flow rate
and high head requirements, the capital cost and operating costs of the pumping

system are significant factors in the overall economy of the plant.

The concentrated brine which remains behind as the fresh water
passes through the membranes is discharged from the membrane assembly
at high pressure, The power associated with this pressure can be recovered
by 2 hydraulic turbine and used to drive the main system pump or a generator.
Because of the high flow-~rate and high head available in the concentrated brine,

the power recovery obtained with a hydraulic turbine can be a significant factor
in the overall economy of the plant,

To keep the effort required for the economic analysis within bounds,
we have defined 30 discrete plant pump requirements which cover the complete
range of flow rates and heads for the desalination plants. We then assumed
several possible values for the pressure drop on the brine side of the mem-
branes. The réSulting head values combined with the brine discharge flow rates
define a number of hydraulic turbine specifications.

Figure 1 shows the 30 plant pump requirements and indicates their
relationship to the plant cperating conditions, Figure 2 shows the fiows and
heads available for power recovery, together with horsepowér values corre~

sponding to reasonable turbine efficiencies. Figure 3 shows a general plant
layout,

We would like to obtain price and operating cost information for each

of the hydraulic turbine requirements which are circled in red on Figure 2. We '

also want to obtain more information on hydraulic turbine characteristics, mate~




rials of construction, accessories, conirols and auxiliary equipment, installa-

tion and maintenance requirements, and operating instructions.

The informaiion for the requirements circled on Figure 2 will be
used to establish graphical curves or equations which describe the relationship
of cost to turbine performance over the whole range of our requirements. Our
work on steam turbines, electrical motors, and electrical generators indicates
that both the imtial and operating costs of such equipment can be correlated
effectively with horsepower for a given class of equipment. We expect that
a similar tyrie of correlation will be useful for the hydraulic turbine cost infor-
mation. These correlations will be included in a general computer program
which will establish the economic savings achieved with a power recovery
system in relation to desalination plant size. The systems evaluuled by com-
puter techniques will vary with respect to the following elements.

® {ype of pump and manufacturer
pump spead
type of driver
hydraulic turbine efficiency

hydraulic turbine speed
® power recovery arrangement (pump vs. generator drive)
The systems which yield the lowest total cost, amortized over a 30-year period,

will be selected as the optimum pumping and energy recovery system for the
30 selected plant requirements,

In addition to our recommendations on the feasihility of power re-
covery systems, we also will prepare for OSW a report which discusses a4 num-
ber of operating and design considerations which are pertinent to hydraulic tur-
bines for desalination service, These considerations include wate » condition,
installation characteristics, material selection, maintenance requirements,
control systems, spare parts recommendations, and Lypical operating problems
which may be encountered. The information to be included in this report will
be sought from the manufacturers: supplementary information has alrcady heen

gathered from the technical literature and textbooks describing the subject,
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The final report of this project will be made available to the public :
Ly OSW. In this report, we will list the manufaciurers who p~ovided the infor-
mation upon which the report is based. However, no ilentification of specific
manufiacturers will be made at any other point within the report; alternative
hydraulic turbines for specific plants will be identified by letter only (e.g.,
hydraulic turbine A, B, C). The cost and technical data provided by each
manufacturer will be treated as confidential by Dynatech and OSW if so requested.

Such confidential information will not be disclosed outside of these organizations.

3. Information Requested !

The information which we request from you can be divided into two

classes, information on specific hydraulic turbines, and generzl operational
and design information.

3.1 Specific Hydraulic Turbines

We would like to obtain performance and ¢ost information on those
hydraulie turbine applications which have been circled in red on Figure 2. :
These applications have been selected in order to include a range of typical
requirements: . : .

® low flow, low.head, low horsepower ‘
low flow, high head, intermediate horsepower
medium flow, high head, intermediate horsepower
high flow, low head, intermeadiate horsepower

high flow, high head, Ligh horsepower
The head and flow values are given as operating conditions for a particular
turbine. The horsepower given here has been calculated by assuming an effi-

ciency of 85,  Four synchronous speeds are being considered for these ma-
chines.

® 1300 rpm
® 1200 rpm
& 2300 rpm
® 3600 rpm
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Enclosed with this letter is a sct of one-page data sheets which
indicate the information we would like to obtain for each turbine and which
we hope will make your response easier to prepare. We will appreciate any
additional information or comments which you may have on this hydraulic tur-
bine selection phase of our study.

3.2 General information

To assist us in preparing our report on operating and Jesign considera-
tions for power recovery systems, we would like to obtain answers to a number of
questions about your hydi‘aulic turbines. These questions are general in nature.
You may have already prepored brochures, reports, or operating manuals for
your hydraulic turbines which provide most of the answers we seek,

The questions which we have prepared are listed on several pages
enclosed with this letter., We will contact you in about two weeks to deter-
mine the manner in which it would be most convenient for you to provide an-
swers to us.

We would like to know of any hydraulic turbine development programs
which are now in progress or are being planned at your company.which would
change the position of your company's products with respect to reverse osmosis
process. This information will be treated as confidential by Dynatech and OSW
if you so request.
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QUESTIONS: GENERAL INFORMATION - hYDRAULIC TURBINES

We wouid like to obtain general design and application information
on those types of your hydraulic turbines which meet the requirements for our
standard power recovery systems. A general layout of the plant has been at-
tached to this questionnaire in order to indicate conditions of installation and

operation,

Your replies to some questions will be guided by the fact thay the
desalination plant is a utility, The hydraulic turbines, either directly connected '
to the pump by means of gears, or driving an electrical generator, should oper-
ate continuously for long periods between shutdowns, Beczaus: of the nature of the :
process, the hydraulic turbines will operate at constant speed with only small,
slow variations of head and flow-rate which occur as a result of long-term mem-

brane degradation. ;
1. Hydraulic Turbine Characteristics ‘

1.1 Physical Descriptions
Please provide information as follows for your hycraulic turbines: !
Type: Francis or Pelton "
How many jets per runner (Pelton)?
Guide vanes (size, number) for Francis ?

Runner construction (material)

Casing type and construction (material)

Injector size and geometry

Inlet guard valves (type, recommended size and location)

Is fixed gate type injection used ? (for Pelton turbines)

Draft tube geometry (if any)

Thrust balancing features !

o o e e oo i i, 4 s m o A%
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Bearing types

Seals or shaft packings recommended for our application, and their
expected leakage characteristics; what alternative seal arrangements
could be used, if any?
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What are the associated cost variations ?
Would a ieakage pump be needed (Francis) ?

Please provide a cruss~section drawing of each type of turbine if possible.

1.2 Efficient operating range: if possible, please provide typical hp and
efficiency vs, flow rate curves for appropriate hydraulic turbines. Other-
wise, please indicate the range of flow rates over which the efficiency remains

within 4 points of its peak value,
2, Governors

Would you recommend a governor for this type of operation?
Would it be best to have an il pressure governor or an electric
governor ?

What would be the size and cost of the governor including its controls ?
3. Hydraulic Turbine Drive Arrangement

What type of generator is best for this application? (Voltage and speed)

Are there any particular cautions you would advise with respect to the
use of a hydraulic furbine as a supplemeniary source of power when the primary
gsource is an electric motor, steam turbine or diesel engine ?

Do you offer hydraulic turbine-generator packages ready for installa-
tion as an option?

4. Ancessories and Auxiliary Equipment
4.1 Spares

What spares should be kept on hand to assure rapid restoration of serv-
ice at scheduled maintenance periods ?

What sparer are required to protect agaiast failures ?
4.2 TLube oil system

Please provide a description and diagram of the lube oil system re-

quired for your hydraulic turbines,



4.3  Sealing Systems

Please describe any external equipment (to the hydraulic turbine)

reuived for the sealing systems you have recommended.
4.4  Controls

Please outline the controls required for safe und efficient operation

of vour hydraulic turbines (hand operated or automatic)
4.5 Couplings
Do you recommend any particular types of couplings for these units?

Will the selection of the power recovery svsigi, (greunerator or direct pump drive)

affect the choice ol coupling type ?
5. Insiallation Requircments

5.1 Inlct and Discharge Piping

Are there any special requirements with respect to inlet piping arrange-
ment which should be observed for best performance of your hydraulic turbines ?
Could your hydraulic turbines direectly discharge into a sump? If not,

would you please describe discharge piping arrangement, or any druft tube re-
quirements ?

5.2  Toundation requirements

Please describe the foundation requirements for your hydraulic turbines.

5.3 Set-up Procedures

Please outline any special procedures or precautions to e observad
when setting up your hydraulie turbines in a new plant.

5.4 Ceneral Arrangement

It possible, please furnish diagrams showing a typical installation of
your hydraulic turbines and their relation to the generator. This will help us in

modifying the general plant layout accordingly to our power recovery system design,
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6. DMaintenance

Please desecribe the maintenince requirements for your hydvraulie tur-
bines,

What program for mainlenance and inspection operations do you rec-
ommend ?

What is the life expectancy for ecuch of the following hydraulic tur-
bine components in saline water service:

seals or packings

casings or housings

needle tin

injector throal ring

bucket splitters

deflector

valves

runner hands (Francis)

guide vanes (Franeis)

stationary rings (Francis)

distributer lining (Francis)

runner blading (Francis)

How are wearing symptoms detected? What i¢ theiy cffect on the

efficient operation of the machines ?
7. Operating instructions

Please provide typical operating manuals if possible.

Wkhat are the procedures to be followed to start un and shut down your
units ?

What precautions are needed in the case of pressure surge ?

Whut are the types of sperating problems encountered in service and
how may they be avoided?
8., Costs

2567
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S§.1 Hydraulic Turbine Prices

The information you have provided on your hydraulic turbines includes

their cost. Do these prices include any accessories, valve requirements, spares
or auxiliaries?

Do you have any correlations on hydraulic turbine price versus another
parameter (e.g., horsepower output, head, runner diameter, specific speed,

specific discharge) which we could use to guide our economic comparisons?

8.2 TFor the hydraulic turbines you have described in response to our particular

plant requirements, please indicate costs whenever possible for the following
“items:

maintenance

'

spares

foundation & installation cosfs

auxiliaries: lube oil, seals or packings, bearings, regulation and
control systems, governor.

- puckaged hydraulic turbine - generator systems where available

- operating costs exclusive of recovered power savings.
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HYDRAULIC TURBINE

Ph\,'sical Description

Type
Number of ets

Guide vanes wean diawater

CJS'H\Q ov HouS;n‘Q dimen gions
wWheeael maan diameagtev
Runwney oullet diangtev

Jet diameterv

Needle size
Tniet wvalves

Dischavgqe valves

Relief valves

Iniet F’ipin% dimensions

Dij schar%e i pi ng dimensions

Matertals Recommended.

Costs (with selected materials )

Hydreu\'\c Turbine & Cont rols

Geovevnov,

Accessories and Spams
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